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SWmkMY 
PloriiSa phosphate rock and th« phosphoria formations 
of Idaho, Montana, 0tah and Wyoming hav® a uranium content 
ranging from 0,01 to O.Oi per cent, the abundant domestic 
reserves and the relatively large tonnages of phosphate rock 
mined each year ©au#e these low-grade uranium sources to be 
©f great potential importance• Moat phosphate rock is used 
for the production of normal superphosphate, which is made 
by acidulating the rock with sulfuric acid to get a form 
of phosphorus available to plant life, fhis study was 
undertaken to develop a method of recovering uraniura during 
the production of superphosphate without destroying the plant 
nutrient value of the product. 
A process was developed that is capable of recovering 
at least half of the uranium present in superphosphate. The 
process consists of a single step liquid-slurry extraction 
in which an organic solvent is mixed with freshly acidulated 
phosphate rock. A solution of 10 per cent octyl pyrophos-
phorlc acid in kerosene is used as the solvent, A 10 minute 
extraction with as little as 0,24 lb, of this solvent per 
lb. of rock was capable of recovering uranium. 
fwo different acldulation-extraction procedures were 
studied. The first of these used an acidulation of l,8l 
lb, of sulfuric acid per lb. of rock P2O5. This corresponds 
to tlw acidulation used commercially to prepare 
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superphosphate. With this proeesa, the solvent was mixed 
with the aeidulated rook slurry and then the phases were 
separated. There was never a elear aqueous layer present 
during the extraotion when aeids of eoncentration higher 
than 60 per ©ent were used, fhe other proeedure that was 
studied used an initial a«idulation of 2.50 lb. sulfuric 
acid per lb. of rock fgO^. fhis is the acidulation comraonly 
used to produce wet process phosphoric acid. The solvent 
was nii3»d with the over-aeldulated rock and then the phases 
were separated. Mhen this process was used« the aqueous 
phase separated into two layers, a slwry of acidulated rook 
on the bottom and a clear liquid above. After the solvent 
was reaoved, sufficient additional phosphate rock was added 
to tte aqueous phase to reduce the overall acidulation to 
1.81 lb. sulfuric acid per lb. of FgO^, Superphosphate was 
obtained as the final product. The roaatifflum uranium recovery 
obtained by either method was about fO per cent of that 
present in the acidulated rock. 
A considerable amount of solvent was occluded by the 
freshly acidulated rock. The samples prepared in the lab­
oratory were filtered and washed with kerosene but even with 
vacuum filtration some organic was still held by the fresh 
superphosphate. It was concluded that a drying operation 
would be necessary to completely remove the organic materials. 
Kerosene has too high of a boiling range to be removed by 
drying. A lower boiling material such as n-heptane would 
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have to be uEe<3. The quick-cure process for production of 
superphosphate usea a drying operation to cure the material. 
A similar process could toe used to simultaneously cure the 
superphosphate and remove organic materials. 
The uranium recovery seemed to be limited mainly by 
two factors. One of these was the extent of apatite lattice 
destruction by the sulfuric acid. This was measured by 
F2Q5 conversion. Only uranium freed from the apatite 
lattice can be recovered by solvent extraction. The other 
limiting factor was the possible formation of OP4 during 
the acidulation of the rock. Ilranium tetrafluoride is 
insoluble in octyl pyrophosphoric acid. The use of oxidiz­
ing agents, which may have formed thereby preventing 
the formation of IIF4, during the acidulation had a beneficial 
effect on uranium recovery. 
Although the maximum uranium recovery obtained was 
only half of that present in the acidulated rock, it still 
represents a domestic source of approximately 500 tons of 
uranium annually, A raw material cost study indicated that 
an acidulation-extraction process may be economically feasible 
if the octyl pyrophosphoric acid and diluent could be re­
covered from the superphosphate. It was concluded that 
the process warranted further study to determine operating 
costs and to determine if uranium recovery can be increased. 
k 
IMTfiOMaTION 
Importaiiee of Problem 
The expansion of the atomic energy program in the 
United States has led to an extensive search for possible 
domestic sources of uranium, fennessee phosphate rock does 
not contain uraniumj howewr, Florida phosphate rock and 
the phosphoria formations of Idaho, Montana, Utah and 
Wfoaing have a uranium content ranging from 0,01 to 0.02 
per cent. The abundant domestic reserves and the relatively 
large tonnages of phosphate rock mined each year cause these 
low-grade uranium sources to be of great potential importance. 
fhe world reserves of phosphate rock have been estimated 
in excess of 26 billion tons (28), fhe United States 
possesses slightly more than 50 per cent of these total 
reserves. In recent years, the annual phosphate rock 
production in the United States has been approximately 10 
million long tons (40). If an average uranium content of 
0.015 per cent is assumed, the domestic phosphate rook 
production represents a source of approximately 1,600 tons 
of uranium annually, A portion of this uranium is being 
recovered at the present time as a by-product from the 
production of wet process phosphoric acid; however, about 
65 per cent of the rock mined in the United States is used 
for the production of superphosphate. This fraction contains 
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approxiiiafeely^ 1,000 tons of waniura. At the present time, 
this amount of uraniura is effectively lost each year when 
the superphosphate i® applied to the soil. 
Uranium has no value as a plant nutrient nor is it 
beneficial to plant growth a® a trace element (43). There 
is no difference in the effectiveness of fertilizer pre­
pared from Florida or Tennessee phosphate rock, fests made 
by the U. S. Department of Agriculture revealed that the 
small amounts of uranium present in superphosphate have no 
beneficial or harmful effect on plant life, 
main advantages that superphosphate has as a 
prospective low-^ade source of uranium aret 
1, A very substantial amount of uranium is available 
annually as a by-product of the existing industry. 
2. the phosphate rock is decomposed by reaction with 
sulfuric acid during the production of superphosphatej 
thereby making the uraniiM available for recovery. 
Field of Investigation 
Phosphate rock or phosphorite deposits are of a sedi­
mentary nature formed from the original veins of apatite in 
igneous rocks. Fluorapatite is the principal component of 
phosphate rock. other ma^or components are quartz, and 
iron and aluminum compounds. 
Fluorapatite is an ionic compound, has a hexagonal 
crystalline structure, and may be represented by the 
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©hewieal eompasltion of Caxof2C^^%)6* ® verj stable 
lattice structure, A relatively drastic chemical or thermal 
treat^nt is necessary to destroy this crystal lattice. 
Ij^eriraent® on the mode of occurrence of uranium in 
phosphate rock indicate that it is probably present as an 
isoroorphous substituent in lattice positions in the various 
phosphate rock fractions—clay, apatite, wavellite, and 
pseudowavellite (39). Isoroorphous substitution is very 
coffiBion in minerals, llements of approximately the same 
ionic radii and preferably, though not necessarily, the 
same charge can easily replace one another. As an example, 
the substitution of Sr*^ for Ca"*"® in apatite requires only 
a slight adjustment of lattice dimensions to accomodate 
the larger positive ion. When the substituting element has 
a different charge from the one it replaces, a simultaneous 
replaceaent of some other ion in the structure must take 
place to preserve electrical neutrality. Because uranium 
is not present as a separate phase but is intimately com­
bined with the various rock fractions, the lattice structure 
of the phosphate rock must be destroyed to make the uranium 
available for recovery. 
fhe purpose of superphosphate manufacture is to convert 
the agriculturally unavailable phosphorus compounds in phos­
phate rock into a form of phosphorus available for plant 
life, fhe custom of the fertilizer trade is to express the 
T 
phosphorus eontient as States, the 
available P2O5 in a fertiliser is the sura of the water- and 
©itrate-eolwble portion® when the determination is made in 
aeeordanee with a preseribed analytieal procedure (3), Per 
eent oonversion is defined as the available P2O5 content 
multiplied by 100 and divided by the total P2O5 content, 
fhe amount of citrate insoluble F2O5 which is present is 
a measure of the unavailable portion of P2O5 and could be 
considered representative of the amount of unreacted phos­
phate rock. 
Superphosphate is produced by reacting phosphate rock 
with sulfuric acidf the reaction essentially destroys the 
lattice structure of the rock. The overall reaction of 
fluorapatite with sulfuric acid may be represented asi 
Caio^'gCPO^lg + 7%S04 + HgO—>-3Ca%(P04)2*H20 + 7CaS0j^ + 2HF. 
fhe reaction product, roonocalciura phosphate, is easily 
water soluble and la considered available as a plant 
nutrient. The calcium sulfate produced may be present in 
various hydrated forms, fhe hydrofluoric acid released by 
the reaction iaraedlately reacts with silica present in the 
phospitete rock. The silicon tetrafluoride gas reacts 
further with water to form fluosllicic acid. These reac­
tions may be represented mi 
4 Si02 ^SIP^ + 2%© 
3Sifj^ + tHgO ^SiOg 4. aHaSlFg . 
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the uranium after th® reaction of the rock with sulfuric 
acid is possibly present as the hydrated uranyl sulfate. 
The present day raanufacture of superphosphate involves 
the following operationss 
1. Grinding of the phosphate rock. 
2. Mixing of the ground rock with sulfuric acid. 
3. Solidification of the reaction products ("denning"). 
if'. Gofflipletion of chemical conversion and drying 
{"curing"), 
5, Grinding and bagging of the finished product. 
fhe den process is the ®ost common method of producing 
superphosphate, figure 1 shows the sequence of operations 
in the comon den process, fhe acidulation in the den 
process takes place in a batch-type revolving panntxer with 
rotating blades. Ground phosphate rock is introduced to 
the laixer which contains sulfuric acid, usually 68 to 72 
per cent, fhe reaction in the ®i:mr is highly exothermic. 
As the temperature rises, the slurry becomes viscous and 
the volume increases due to the entralnraent of steam and 
gases. At its maximum temperature and expansion, the slurry 
will exhibit thixotroplc properties. It will quickly 
solidify if allowed to remain at resti however, it will 
remain in a plastic state for several minutes, if agitation 
is continued, The usual mixing time is 1 to 3 minutes. 
f 
PHOSPHATE 
ROCK 
CURING 
GRINDING 
MIXING 
DENNING 
GRINDING a 
BAGGING 
SUPERPHOSPHATE TO 
MARKET 
FIGURE I. DEN PROCESS FOR THE PRODUCTION 
SUPERPHOSPHATE 
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After tills period, the hot plaitia reaction mixture is 
dumped into a large ©hamper known as a den. The mixing step 
is repeated until the den is filled. This «ay sometimes 
involire ^00 tons of material. 
After a period of 6 to 24 hours, during which the 
temperature may exceed 100*G., the fresh superphosphate 
becomes a relatively dry and porous mass. This material 
is removed from the den by a rasping imife or by excavation. 
The superphosphate is then put in piles and allowed to 
"cure" by standing. During the 4 to 6 week curing period 
ItM chemical conversion goes to completion and the moisture 
content decreases. The cured superphosphate is ground to 
a suitable, sise and bagged for final shipment* 
A tuick-curing process for the production of superphos­
phate has been developed by Bridger, Kapusta, Drobot and 
Keams (l3),Ctf),Cl5)# (27). It differs from the usual den 
process when the fresh superphosphate is dried in a Roto-
I»ouvre dryer rather than allowed to cure by aging in a pile. 
The flexibility of acidulating conditions and the final dry­
ing step in the tuiek-cure process are advantageous to a 
uranium recovery process. 
There are several important factors which affect the 
character of the superphosphate product and the economics 
of manufacture. The acid-rock ratio is important since it 
affects the rate and amount of P2®5 conversion to an avail­
able form, the optimum acid-rock ratio is one that yields 
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a prodttet! In good physical ©ondifcion at the lowest cost 
per uhit of available PgOg. the rate of conversion in­
creases as the acid-rock ratio becomes larger. Moat manu­
facturers use a rule-of-thumb method to select the propor­
tion of acid and roek» fable 1 shows the acid-rock ratios 
used by sewral manufacturers when acidulating Florida 
phosphate rock (3^). 
fISMB concentration of sulfuric acid has an effect upon 
the physical properties of cured superphosphate. Acid 
concentrations ranging fro® 62 to 72 per cent are used at 
the present time. Lower acid concentrations in the den 
process result in a product of high moisture content and 
poor physical condition* In the quick-curing process 
eoiaeentrations as low as §0 per cent ®ay be used (25). 
fhe length of the curing period has an effect upon 
the amount of fgO§ conversion* fhe free acid present in 
the curing pile gradually reacts with the unconverted phos­
phate rock. Figure 2 shows the influence of time upon 
citrate insoluble P2O5 in a 300 ton pile of superphosphate 
produced by the den process. usual curing period is 
% to 6 weeks, fhe i|ulck-cure process produces the final 
product several hours after the acidulation. 
fhe rate of reaction between the phosphate rock and 
sulfuric acid depends to a large extent on the rock particle 
siaue (3%). Kearns determined that conversion increased 
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Tafcle 1 
Aeldiilation ratios for the production 
of normal superphosphate® 
Concentration of 
sulfuric acid 
(per cent) 
Srade of rock 
(per cent 
Acid-rock ratio 
(lb. I%SO^^/lto. P2O5) 
Tl.17 33.3 1.78 
69.65 35.0 1.71 
69.96 32.0 1.82 
69.65 32.8 1.82 
70.87 33.0 2.03 
71.17 33.0 1.81 
®&dapted from Siems, op« cit,. p. 176. 
with decreasing particle size until a maxlmm eonversion 
was obtained with a particle siae of 30 to %0 microns (27). 
fhe usml eowercial practice is to grind the rock so that 
approximately 90 per cent will pass a lOO-mesh screen with 
50 to 60 per cent passing a gOO-iaesh screen. It has been 
proposed that the reason for the dependency of conversion 
rate on particle siae is dme to the formation of a layer 
of nearly iaperviows reaction products on the surface of 
the rock particles, fhis layer would prevent the acid from 
contacting the inner# unreacted portion of the particle. 
10 15 20 25 
AGE OF SUPERPHOSPHATE , DAYS 
FIGURE 2. INFLUENCE OF AGE OF SUPERPHOSPHATE ON CITRATE INSOLUBLE 
P205° 
ADAPTED FROM. SIEMS, op. cit , PAGE 173 
Objective of Research 
fhe objective of this research was to develop a 
method of recovering uraniyw from superphosphate manufactured 
from Florida or western states phosphate rock. The process 
was to be as compatible as possible with the present super­
phosphate production aiethods and was to allow uranium 
recovery without destroying the plant nutrient value of 
BUperphospkate. 
Other research workers have developed a process in 
which uranium is recovered by leaching cured superphosphate 
with an organic solvent. Their method, however, has the 
disadvantage of refuiring many additional process steps. 
The operations of leaching the ground, cured superphosphate 
with an organic solvent, washing to remove residual solvent, 
drying the leached superphosphate and recovering the uranium 
from the solvent are added to the five step procedure shown 
in figure I. 
The present investigation was made to develop a process 
that would siaulttneomsly produce superphosphate and recover 
uranium, fh© solvent extraction of uranium is made during 
the actual acidulation of phosphate rock with sulfuric 
acid. After the solvent and superphosphate are separated, 
the quick-cure procedure can be used rather than separate 
curing and drying processing. The only additional process 
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steps m&^Bsarj with fehis raetiao^ are a separation of the 
solvent an<i superphosphate phases and recovery of uranium 
from the solvent. 
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LIflMfOiffi ClfEB 
Most of the mrlj research on the recovery of uranium 
from superphosphate came from sliallar research on the re-
eover;r phosphate rocic* Workers at Battelle Memorial 
Institute originally attempted to concentrate the urani\«B 
in phosphate rock by ore-iressing techniqtues (24), Flota­
tion tests, air separation tests and magnetic separation 
tests were carried out but it was not possible to obtain 
a waniUM-rich phase by any of these aethods. Pyrometal-
lurgy studies were then made on the rock by roasting it 
with various salts to solubiliase the urani\M or smelting 
the rock with various cororaon raetals as gathering agents| 
however, neither of these methods proved satisfactory. 
Battelle then discovered that a dilute sulfuric acid leach 
of the rock would extract about 80 per cent of the uranium 
and about 90 per cent of tii» ^2^3* Because of the similarity 
between the sulfuric acid leach process and the actual 
process for producing superphosphate, experiments were then 
carried out on cured normal superphosphate. 
Battelle»s batch leaching tests on commercial super­
phosphate, made from uncalcined Florida phosphate rock, 
gave a uranium extraction of 8 to 40 per cent with water 
depending on the source of the superphosphate. From 60 to 
8§ per cent of the P2O5 was also extracted by the water. 
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Dilute @ulfu7ia aeid or phoephoric aeid leaehes increased 
the uranium extraction to about 50 per cent. They determined 
that calcining the rock before making the superphosphate 
increased the uranium extraction isfith the subaequent leach 
from 3® to about 9© per cent, fhe uraniiMi was recovered 
from the pregnant leach solutions at a pH of 2.1 by pre­
cipitation with iron filings* Their total process involved 
calcining the phosphate rock at 1,850*F« for 30 minutes be­
fore making the superphosphate, counter-euwently leaching 
the cured superphosphate with water, recovering the uranium 
in a t to % per cent precipitate with metallic iron and 
either evaporating the final solution to obtain essentially 
monocalci^ phosphate or evaporating the solution with the 
residue from the leaching operation to a product similar 
to superphosphate. 
The major disadvantage of the Battelle process was the 
prohibitive amount of evaporation that was necessary to 
recover the approximately equal per cent of P2O5 that was 
solubilized with the uranium. It was reasoned that the 
superphosphate could be leached with a saturated phosphate 
solution and that part of the uranium might dissolve and 
be recovered while very little FgO^ dissolved. This would 
eliminate the expensive evaporation to recover the fertilizer. 
H. Ii. Barnard, in work done at the Massachusetts 
Institute of Technology, leached uranium from superphos­
phate with saturated calciwra phosphate solutions (10). 
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Th« wanlwia reaovery ranged from 14 to 55 per eent but it 
pTomd difflault to keep the solutiona saturated so that 
20 to 50 per eeiit of the superphosphate was also dissolved. 
Mhen saturated solutions were used in oyelic leaching tests, 
the uranium recovery dropped to about 10 per cent. The 
uranium was stripped from the pregnant solutions by pseudo-
oeaentation on metallle al\j®inuiB. Under laboratory condi­
tions and at a pH of 3.0* all of the uranium was stripped! 
however, under more practical conditions, the recovery of 
uraniuii was rauch less complete, Eecirculation of these 
stripped solutions resulted in precipitation of uranium on 
the feed and additional superphosphate being dissolved. 
The net effect was to produce leached residues containing 
laore uranium than the feed. Because of these difficulties, 
work was stopped on this process. 
fhe Research ©epartaent of the Western Division of 
©ow Oheraical Oompany did some experiraents on cured super­
phosphate in conjunction with research on the recovery of 
uranium fro® wet process phosphoric acid. They used the 
technique of organic leaching or lyometallurgy. Lyometal-
lurgy has been defined as a process in which an organic 
solvent, free from a separate water phase, is used to 
leach a aineral solid (20). The maximuBi extraction of 
uraniUBi, in their early work, was 35 to ¥) per cent with 
no apparent loss of weight of superphosphate (4). 
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Metma^tmnt of the leaehed superphosphate with fresh solvent 
extracted only about 5 per eent of the remaining uranium. 
Of the first solvents tested, a maximum extraction was 
made with a 10 per cent volume of octyl acid phosphate 
(O.f.A.) in diluent (5), fhe alkyl acid phosphate was 
prepared by slowly adding phosphorus pentoxide to octyl 
alcohol until a molar ratio of one to four was reached. 
Investigations showed that extraction with this solvent was 
relatively independent of particle sisse of the superphos­
phate, temperature of the solvent, agitation time greater 
than 2 hours, 0,f,A, concentration greater than 10 per cent, 
and the diluent material, fhe effect of calcination of the 
phosphate rock previous to production of superphosphate was 
studied (6). fhe uranium recovery was not appreciably 
different from uncalcined rock, fhe uraniw was recovered 
from the solvent by either stripping with concentrated 
hydrochloric acid or precipitation with ^ 8 per cent hydro-
flucric acid (§), fhe i3ow workers had reached this stage 
of their research work when the problem of uranium recovery 
from superphosphate was initially considered at Ames Lab­
oratory. 
Concurrent with th® study at Ames Laboratory, the Dow 
research workers made several other studies concerning the 
recovery of uraniia from cured superphosphate, fhe Dow 
woriwrs made a survey of organic phosphoric acids. All of 
to 
these a®id@ w«r« prepared Ijy mixing phosphorus pentoxide 
Mith an organio alcohol. Bail® work on organophosphorus 
©ompoaiids as reported hy S» M« Kosolapoff indicated that 
the ratio of the alcohol to phosphorus pentojcide determined 
the reaction product! (29). fhe following reactions were 
shown t© produce various organic phosphoric acids. 
510H • SPgOg—^CK0)5(10)5P605 
3aOH + P2%—>-(il0){M0)2F0 + (H0)2(H0)P0 
2aOH • P2%—^(K0)2CH0)2F203 
Actually the reactions are ©ore complex than the simple 
equations show. Generally, a mixture of products is 
obtained and compounds formed from the hydrolysis of the 
products are common. 
fhe ©ow worfeers found that the alkyl pyrophosphoric 
acids generally had the greatest extraction coefficients 
for uranium (7)* fhe extraction coefficients increased 
with increasing chain length of the 1 group to a maximum 
with the eight carhon chain octyl group. After these facts 
were determined, their work was concentrated on developing 
dioctyl pyrophosphoric acid as a uranium solvent. Their 
©•f.f.A, was prepared by reacting 2 moles of capryl alcohol 
with I mole of phosphorus pentoxide. They found that drying 
the technical grade capryl alcohol before reacting it with 
the phosphorus pentoxide gave a product which had approxi­
mately 2 per cent better uranium extracting ability (8). 
They used anhydrous calciiim sulfate as a drying agent. 
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fbe extraction ©oeffieient of O.P.P.A. declines very 
mari»dlj in a few days after preparation, fhe 1)ow workers 
reeoaiaended that the solvent fee prepared daily (9). The 
deereate in extrietion power was determined to be due to 
hydrolysis of the O.F.P.A. The time to complete hydrolysis 
of the 0,P,P,,A. to O.P.I, was reported to be 5i? minutes in 
water, 45 minutes in 0,1 K. hydrochloric acid and 32 minutes 
in 1,0 N* hydrochloric acid. 
They determined the best procedure for preparation of 
O.P.P.A. was to Blurry the phosphorus pentoxide in a diluent 
and then add the octanol to this mixture. Moderate prepara­
tion temperature variation (0*0., 87*6. and 80*C.) did not 
have an appreciable effect on extraction power. The use 
of higher preparation temperatures, however, reduced the 
extraction coefficient• 
fhey studied various compounds as possible diluent 
materials, fable 2 shows the K values (concentration of 
fjOg in organic divided toy concentration of OjOg in aqueous) 
for a 1 per csent O.P.F.A. solution in these diluents. 
Eerosene was generally used as the diluent because of the 
high K value, general availability and low cost. The K 
values were all determined from equal volume "shake tests" 
with phosphoric acid prepared by tl» wet process. The Dow 
workers expected tl» diluents to give the same relative 
values when used with superphosphate. 
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Table 2 
Equilibrium K values for 1 per cent O.P.P.A. 
in various diluent eompounds® 
K Value 
Mluent (©one. I^Og organic/ 
cone. II3O3 in aqueous) 
Stoddard solvent 7.9 
kerosene 7.6 
benzene 7.3 
carbon tetrachloride 6.6 
Isopropyl ether 5.6 
toluene 4.6 
monochlorobensene 4.0 
chloroform 3.7 
nitrobenjsene 3.7 
^fabl© reproduced from Bailes, Bow 76# op. cit. 
ftm research workers at Dow developed a process for 
the recovery of uranium from cured superphosphate (30). 
fhe principal step® of the ®ow uranium recovery proceas 
are shown as a flow sheet in figure 3* In summary this 
process conslated of leaching the ground, cured super­
phosphate with O.f.f.A. in a diluent, fhe uranium was 
recovered from the O.P.P.A. by precipitating with hydro­
fluoric acid. The FeSOj^ reduced the uranium so that the 
SOLVENT 
GROUND 
CURED- SUPER TO 
SUPER STORAGE 
SOLVENT 
SOLVENT 
SOLVENT 
SOLVENT 
HF 
AQ. HP AQ. HF 
SOLVENT 
URANIUM 
URANIUM 
SOLVENT 
AQ. HF 
BLEED 
AQ. HF WASTE 
O.P.PA. 
MAKE-UP 
DRYING WASHING 
PHASE 
SEPARATION FILTRATION 
EXTRACTION 
URANIUM 
PRECIPITATION 
figure 3. dow process for recovery of uranium from cured, normal 
superphosphate 
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iasoXutoXe Wi| ©omM be filtered out. A portion of the re-
eyeled O.P.P.A. was scrubbed with sulfuric acid and discarded 
as waste, fte superphosphate residue, after the solvent 
was removed by drying, was reported to have properties 
identical to the original material. They expected to get 
a 78 per cent uraniura recovery with this process. This 
recovery was assumed on the basis of using nitrated super­
phosphate , 
The low workers prepared superphosphates containing 
no nitric acid, 6 lb. INOj and 20 lb. HHO^ per ton of rock, 
fh© use of the nitric acid Increased the uranium recovery 
from 25 per cent to approxiaiately 55 per cent. However, 
there was very little difference between the uranium re­
covery with i lb, of HHO| and 20 lb. of HHO^. Hoasting the 
phosphate rock previous to the acidulation also had a slight 
beneficial result. 
fhe uraniw recovery increased as the amount of sulfuric 
acid was increased up to a raaximiaa which corresponded to 
complete acidulation of the rock. They reported this acid 
consumption as a one t© two weight ratio of sulfuric acid 
to rock. The acid concentration was not specified. 
Dow determined that uranium recovery increased with 
age of the cured superphosphate. The recovery increased 
progressively up to at least l44 ho\irs. Aa the amount of 
organic extractant per unit weight of superphosphate 
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lii®r«ase4, %h% uranium reeov®i*|' gradually Incrtased. It 
was shown that at least 1 ml. of organic per g. of cured 
superphosphate was necessary t© cover the solid phase. Most 
of their escperiaients were run with a 2»5 ml. per g. ratio, 
fhey dttermiiaed that above 2 per cent O.P.P.A, the effect 
of solvent concentration was very slight. About 28 per cent 
recovery sfias reported from unnitrated superphosphate with 
2 per cent and the recovery only increased to 
about 29 per oent with 10 per cent O.P.P.A, fhe 2 per cent 
O.f.f.A. gave 60 per cent uranium recovery from nitrated, 
cured superphosphate. The particle size of the cured 
superphosphate was shown t© have an appreciable effect on 
uraniu® recovery. It was necessary to grind the cured 
superphosphate to at least minus 50 mesh to get a reasonable 
urani\jB» recovery, Bow determined that as little as 30 
seconds extraction time with the nitrated superphosphate 
was sufficient, fhe data indicated that a slight decline 
in recovery took place with increasing time. 
Dow studied several techniques to recover the uranium 
from the O.P.P.A. In general, %8 per cent hydrofluoric 
acid proved to be the best reagent. It showed the highest 
stripping coefficient and enabled the uranium to be recovered 
by reduction without the necessity of neutralizing or evap­
orating large quantities of acid. 
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mmRlAlS AND FHOCXBUSES 
Materials 
The superphosphates used in this research were pre­
pared from Florida phosphate roeks. Two different lota of 
rook were taken from a sample of Florida land pebble that 
the Iowa State College Engineering Experiment Station had 
obtained from ©avison €hemieal Corporation in Perry, Iowa. 
Table 3 gives the main ehemical eomposition of each of the 
rock samples. The various component® are reported as oxides. 
ISpaniura was determined by the fluorimetric analysis procedure 
which is described in detail in Appendix A. Calcium, iron 
and aluminum were determined by the methods of the Associa­
tion of Florida fhosphate Itining Chemists (2). Fluorine 
was determined by the Brabson, Smith and Darrow method (11). 
The remaininjs determinations were done by the Association 
of Official Agri®ult\iral Chemists* methods (3). 
The mmeti analyses of the rocks are given in Table 
These samples were analyzed by shaking 25 g. of the rock 
for 10 minutes in the fyler lo-Tap. 
Each of the Florida phosphate rock samples was analyzed 
spectrographically for an approximate quantitative determina­
tion of the minor metal content. Table 5 shows the spectro-
graphit analyses for the two lots of phosphate rock. 
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Table 3 
Qltmmiml eoraposltion of Florida land 
pebtol® phosphal® rocks (dry basis) 
Constituent 
loek R-1 
(per cent) 
Rook R-2 
(per eent) 
%% 0.0186 0.0172 
ff20§ 3^.3 3^.5 
CaO 47.7 50.0 
F 2A9 2.41 
MgO 0,22 0.54 
AlgO^ 3.02 3.11 
^®2®3 1.09 1.92 
Moisture 0.73 1.11 
fable 4 
Sereen analyses of the Florida phosphate rocks 
(10 minutes in Tyler Ho-Tap) 
Tyler standard loek H-1 Roek R-2 
s@reen ®e»h (per ©ent retained)(per cent re-
+ 65 6.0 6.4 
• 65 + 100 9.6 8.0 
- 100 • 150 12.0 9.2 
- 150 • 200 15.6 14.0 
- 200 56.8 62.4 
iS 
Table 5 
Speetrographlc analyses of the Florida pebble 
phosphate rocks 
Component look H-l Roek R-2 (per eent) (per cent) 
All 0 0 
B 0.01 0.01 
Ba 0.01 0.01 
G© 0 0 
Co 0 0 
Or 0.01 - I.© 0.01 - 1.0 
Gu 0.01 0.01 
I»a 0.01 0 
m 0.01 • 1.0 0.01 - 1.0 
Hd 0 0 
Ni 0,01 0.01 
Fb 0.01 0 
fr 0 0 
Sn 0 0 
Sr 0.01 . l.O 0.01 
fh 0 0 
T1 0.01 - 1.0 0.01 
V 0.01 0.01 
W 0 0 
If o.oi 0.01 
En 0 0 
Zr 0.01 0.01 
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The sulfui'l© aei<3 used in the experimental studies was 
eomwereial 0. P. grade manufactured by Baker and Adarason. 
It was diluted from the approximate 95.5 to 96.5 per cent 
©oneentration to the desired strength with distilled water. 
The solvents used in these studies were prepared in 
the laboratory or were obtained from Eastman Kodak Company 
or Mallinekrodt Ghemieal Works. The ©ommonly used octyl 
pyrophosphoric acid (O.f.PU.) was prepared in the labora­
tory by reacting capryl alcohol with phosphorus pentoxide. 
The capryl alcohol was a 95 per cent grade obtained from 
lohm and Haa®. fable 6 gives the properties of the capryl 
alcohol. Heagent grade PgOg was used. 
fable 6 
Properties of Rohm and Haas 95 per cent 
grade capryl alcohol® 
Smpirical foraula 
Molecular weight 
Boiling range 
Specific gravity 
Density 
Methyl hexyl ketone content 
Hefractive index 
Flash point 
Water content 
CSHiqO 
130.23 
173 - 183*C. 
0.818 @ 25'C. 
6.8 lb. per gal. 
less than 5^ 
1.%26 ® 20*G, 
185*F. 
0.3 - 0.5^ 
^Adapted fro® Rohm and Haas, op. cit. 
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Kerosene was used as the diluent for the solvents. It 
was ohtained as a bulk grade. The A.S.T.M, distillation 
range was determined to eharaeterize the kerosene (l). The 
distillation data are shown in fable 7. Figure ^ shows the 
data in graphical form. The specific gravity of the kero­
sene was 0.7835 # 25*e, as determined with a Westphal 
balance. Some of the kerosene was reacted with concentrated 
sulfuric acid to remove part of the unsaturated hydrocarbons. 
Procedure for the Preparation of Octyl Pyrophosphoric Acid 
All of ttM! octyl pyrophosphoric acid used in the 
extraction experiments was prepared in the laboratory. The 
O.P.P.A. was made by reacting 2 moles of capryl alcohol 
with I mole of phosphorus pentoxide. The preparation was 
always made in kerosene which served as a diluent for the 
O.F.f.A, TlJse kerosene also absorbed part of the heat of 
reaction so that cooling was not necessary. 
The general procedure for the preparation of O.P.P.A. 
consisted first of calculating the stoichiometric quantities 
of capryl alcohol, P2O5 and kerosene that were necessary to 
prepare the desired concentration. The kerosene was measured 
into a container and the PgQg was then weighed into the 
kerosene. It was necessary to weigh the P2O5 very rapidly 
because of its highly deliquescent nature. The capryl 
alcohol was then poured into the mixture of phosphorus 
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Table 7 
A.S.T.M. kerosene distillalion 
Millililers of distillate temperature, *C, 
0 185 
5 200 
10 208 
15 213 
20 218 
2$ 222 
30 226 
35 229 
40 232 
45 235 
50 239 
35 242 
60 245 
6§ 248 
70 252 
lo® 
258 
263 
85 266 
90 275 
95 278 
maxiaiiim teraperature obtained 280 
pentoxide and kerosene and tlie following reaction took 
plaee* Th.® heat of reaction and energy of mixing always 
©awsei the temperature to rise to approximately 70*G. 
0 0 
" I 2I0« • PgOg >-R-0-P*0-f-0-E 
0 0 
i I 
H E 
The 1 gromps represent the normal oetyl group. 
280 
270 
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figure 4. a.s.t.m. distillation of kerosene 
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fwo methods of agitating the mixture during 
the reaction were used. Table 8 gives the equilibrium data 
values between a(|ueous uranyl nitrate solutions and 10 per 
eent O.P.F.A,, prepared by mixini the solvent for various 
lengths of time by a slow speed propellor mixer. These 
data show that a relatively high K value was obtained 
after a 75 minute miacing period and this high value remained 
eonstant for mixing times up to about 500 minutes. The 
lower K value at the start was probably due to incomplete 
reaction and the drop in value after 1250 minutes was 
probably due to partial hydrolysis of the O.P.f.A. The 
original a<iueou8 solution contained 100 micrograms of U3O8 
per ml. E<|uml portions of the solvent and this aqueous 
solution were shai(»n for 10 minutes to get the equilibrium 
values. 
Fortionsi of O.f.P.A. were also prepared by agitating 
in a kitchen type blendor. The blendor furnished very vio­
lent mixing action. Table 9 gives the equilibrium data 
values between aqueous t»*anyl nitrate solutions and various 
concentrations of O.P.P.A. mixed for different lengths of 
time in the blendor. The K values were determined the same 
way as those for the slow speed agitation tests. 
These data show that a K value higher than that ob­
tained by any slow speed mixing time was reached by 15 
minute agitation of the 10 per cent O.P.P.A. in the blendor. 
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Tatol# 8 
Ifttilibriura values betweeE aqueous uranyl nitrate 
solutions and 0*F.f.A, prepared by slow speed agitation 
O.P*f .A. Mixing tiae K value 
©oncentration (rainut®®) (Cone. in organic/ 
(per cent) ©one. %08 in aqueous) 
10 1 stable eaulsion 
10 15 91 
10 30 99 
10 l8l 
10 75 250 
10 135 250 
10 2§0 250 
10 500 250 
10 1250 198 
fable 9 
Iquilibriua values between aqueous uranyl nitrate 
solutions and O.F.F.A. prepared by violent agitation 
O.F.F.A. 
eoneentration 
(per eent) 
Miacing time K value 
(minutes) (Com, ©jOg in organic/ 
cono. in aqueous) 
10 § 98 
10 10 20T 
10 15 293 
15 5 293 
15' 10 295 
20 5 295 
20 10 295 
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When O.P.P.A, solutions of Mgher than 10 per cent concen­
tration were used, the K value did not increase for the 
particular aqueous concentration studied. However, as 
determined by the fluoriffletric uranium analysis laethod, the 
1 values indicate almost quantitative recovery of the uran-
iuai into the solvent, fhe optimiM mixing procedure for the 
preparation of 0#P,F.A. was, therefore, chosen to be a 15 
minute agitation In the blendor. The specific gravity of 10 
per cent O.P.f.A, prepared by this method was 0.8004 @ 25*C. 
Bom non*a<|ueou@ titrations of O.P.P.A. with sodixia 
hydroxide were made in an attempt to study the products 
obtained with various mixing times, Various systems were 
tested but a mixture of 5 al. of solvent in 75 ml, of water 
and 85 ml. of acetone gave the sharpest pH breaks when 0.1 N. 
sodium hydroxide was added, fhe potential was determined 
with a Bectoann glass electrode-calomel electrode pH meter, 
fhe mixture was stirred continuously with a magnetic stirrer 
as the standard NaOH was slowly added and the potential was 
measured, figure 5 shows the titration curves for several 
different mixing times with the slow speed propeller mixer, 
fhe gradual movement of the first break to the right cor­
responds to an increase in the concentration of replaceable 
hydrogen atoms in the solvent which would take place as 
the reaction between the alcohol and PgO^ goes to completion, 
fhe appearance of the second break was probably due to the 
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FIGURE 5-TITRATION CURVES OF 0.P.P.A. PREPARED 
BY VARIOUS MIXING TIMES 
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titratloii of ttm seeoni replaeeatole hycSrogen atom on mono-
oetyl ptoaphoric acid which would be one of the hydrolysis 
products of 0,f,f,A, 
Saaples of O.f.P.A, that were several weeks old gave 
three pH breaks which indicates that a mixture of hydrolysis 
products are forM>d as 0,?»P.4. "ages". Phosphoric acid 
would probably be one of the ultimate products of hydrolysis. 
Heating the O.P.f.A, to approximately 150*C. or mixing the 
solvent with concentrated hydrochloric acid also caused 
three pi breaks which indicates that either of these 
procedures will increase the rate of hydrolysis of the 
O'.P.P.A. 
Acidulation and Extraction Procedures 
k simultaneous acidulation of phosphate rock and 
solvent extraction of uranium was used for most experii»ents. 
fhese simultaneous acidulations and extractions were done 
in regular p;rrex 1 liter beaiairs. A household type two-
beater Mixmaisiter was used to agitate the mixture. Single 
propeller laboratory mixers were proved unsatisfactory for 
good mixing. 
fhe general technique was to place 200 ml. of solvent 
in the beal»r and add 250 g. of phosphate rock. The mixer 
was started and a slurry of rock in solvent was obtained. 
If a surfactant was used it was added at this time. The 
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s-ttlfurlo mM was then added and the mixing beaters were 
operated at approximately 250 r.p.ra. for the desired mixing 
time.. The beaters were moved around the beaker to assure 
SO®d contact with all portions of the mixture. After the 
mixing period, most of the solvent was deeanted away from 
the superphosphate. The final separation was made by 
filtering the solvent through a medium-grade filter paper 
supported on a siae five buehner funnel. The superphos­
phate filter eake was washed three times with 100 ml. eaoh 
of kerosene. The damp superphosphate was then allowed to 
eure for 4 weeks in a enamel pan open to the room atmosphere. 
The superphosphate was spread out in a 1/2 in. layer in 
the pan. The eombined solvent and wash was removed from 
the suction flask and stored in a eovered Irlenmeyer flask 
until analyzed. 
¥arious sulfuric aeid concentrations were used. All 
of these were diluted and ©ooled to room temperature before 
the aeidulation. Generally 1.81 lb. sulfuric acid on a 
100 per cent basis per lb. of ^ 2^5 used as an acidula-
tion ratio. This corresponded to the usual acidulation 
ratio used commercially to prepare normal superphosphate. 
Some ejjperiments were run with an initial 2.50 acidulation 
ratio. The procedure for these preparations was similar 
to that outlined abovei however, the fresh superphosphate 
from the filter cake was returned to the mixing vessel 
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along with th© a<i«eota@ phase that had been aeparated from 
the solvent. Sufficient roek {95 g.) to get an overall 
1.81 aeidulatlon ratio was then added and these materials 
were mixed for an additional 3 minutes, The product was 
allowed to eitjre in the manner described above. 
Usually the roek, solvent and acid were added at room 
temperature. The heat of reaction between the rock and 
acid would cause the temperature to rise to approximately 
60*C, fhe temperature then gradually decreased during the 
extraction period to approximately 50*0, When the effect 
of,higher temperatures was studied, the materials were 
heated ©n a small electric hot plate both before and during 
the mixing period. 
M long as the solvent was kept in contact with the 
fresh superphosphate, there was no tendency for it to 
"set up" rapidly like normally prepared superphosphate. 
Even after mixing for several hours the superphosphate was 
in a plastic state. The superphosphate prepared with 
sulfuric acid higher than §0 per cent concentration would, 
however, "set up" about an hour after the mixing was stopped 
and the organic solvent was removed. 
The solvent and superphosphate phases were separated 
in some experiments by centrifuging. A laboratory model 
basket centrifiage made by the International Equipment 
Company of Boston, Massachusetts, was used with a saran 
%0 
flltrer eloth to line the poreelaln basket. The fine 
superphosphate partieles had a tendency to pass through 
the saran cloth and get into the organic phase. The filtra­
tion procedure described above gave better results. 
Evaluation Frocedure 
After the superphosphate was cured# it was broken up 
with a mortar and pestle and stored in tightly closed 
sample bottles. The total P2%» water soluble FgOg, citrate 
soluble citrate insoluble P2®5 moisture content 
of the cured superphosphates were deterrained by methods 
of the Msoclation of Official Agricultural Chemists ( 3 ) .  
The ^2^3 "th^e solutions was determined by the colorimetric 
procedure of Bridger, BoyIan and Markey (12) except that 
a Bectaann Model Dll spectrophotometer was used rather than 
the Klett-SuBfflierson colorimeter. The use of the spectro­
photometer for the determination of P2O5 is discussed in 
Appendix €. 
The availability of cured superphosphate 
or conversion was determined by subtacting the citrate 
insoluble P2^5 total dividing this number 
by the total FgOg content. The P2O5 conversion of phosphate 
rock in fresh superphosphate was determined in a similar 
Winner. However, it was necessary to make the P2O5 analyses 
as rapidly as possible after the acidulation. Generally, 
it toQk about 15 iiiiniAt«s to weigh the samples and start the 
water soluble fgOg analyses. It was assumed that the start 
of the water soluble analysis would stop any further con­
version because the free acid would be washed away. 
Most of the cured superphosphates were analyaed for 
the approximate uranium concentration by the radiometric 
method discussed in Appendix B. The samples were later 
quantitatively analyzed by the fluorimetric analysis 
procedure discussed in detail in Appendi;x: A, fhe uranium 
recovery was generally determined by analyzing the feed 
phosphate rock and the superphosphate product. The solvent, 
rock and superphosphate were all analyzed in a few experi­
ments to get a uranium balance, fhe average of at least 
two separate analyses was the value reported for each 
material, fable 10 gives some typical uranium analyses 
for an overall material balance. 
Not all of the uraniiaa can be accounted for by the 
present analytical techniques but the above balances compare 
well with other laboratories' fluorimetric analysis results. 
k portion of the uranium is lost in each experiment in the 
particles of superphosphate that cling to the mixer and 
beaker. The rest of the unaccounted is very probably 
due to the inherent error in the fluorimetric analysis 
procedure. 
m 
Table IG 
ttpatilu® material balances 
ly^Og in U3O8 In in 0303 
rock solvent Ittper. accounted for 
C®g.) im*} im*) (per cent) 
13.0 17.9 22,6 94 
%3.0 l%.8 21.6 85 
%3.0 17.^ 21.8 91 
43.0 18.2 18.2 85 
^3.0 133 2 2 A  83 
§9.3 18.2 35a 90 
59.3 15.6 41.2 96 
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IXPEKIMENfAI* HESyLTS 
fhls renmreh was uniertaken to develop a method of 
recovering the uraniuw frow superphosphate during the actual 
preparation reaetlon between phosphate rock and sulfuric acid, 
freviou® work had shown that the uraniu® could be extracted 
froiB cured superphosphate with an organic solvent? however, 
the liguid-aolid extraction necessitated additional process­
ing. fhe following work was done to develop a liquid-slurry 
extraction process, fhis process facilitates the mixing of 
the superphosphate and solvent and has the advantage of being 
done in the same process step as the actual preparation of 
the superphosphate. 
Solvent Studies 
k survey was wade of the comraon solvents and solvents 
proven useful in other uranium extraction processes to find 
a compound capable of recovering uranium from fresh super­
phosphate. Only organic solvents were considered because 
a<|ueous materials would tend to remove some of the P-O value 
tf 5 
of the superphosphate. Previous work had proven the value 
of oxygen-containing compounds like ethers, ketones, organic 
phosphates and nitrates as uranium solvents so the emphasis 
was put on these types of compounds. The common solvents were 
tested as possible diluents. 
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Table IX present® tbt results of the extraction tests 
with the various solvents. Each of the® had been mixed for 
10 rainutes with fresh superphosphate prepared by a l,8l lb. 
acid per lb. acidulation ratio. The octyl acid phosphate 
was a reaction equilibriuia raixture of aono-octyl phosphoric 
acid, dioctyl phosphoric acid and trioctyl phosphate. It 
was obtained fro® Monsanto Chemical Company. The octyl 
pyrophosphoric acid was prepared in the laboratory by the 
procedure discussed previously. The trioctyl phosphate was 
prepared In the laboratory from o.pryl alcohol and POCI3. 
The other solvents were obtained frora Mallinckrodt Chemical 
Works, Eastman Kodak Company or Coroaiercial Solvents Corporation. 
In each test a ratio of 4.8 ml. of solvent per g. of rock was 
used, 
k solution of octyl pyrophosphoric acid in kerosene gave 
the best uranitw recovery of the solvents tested. Most of 
the other o€»Bpounds would have been expected to extract uranium 
also but the hi#i concentration of sulfate and phosphate ions 
apparently reduced their efficiency. The O.P.P.A. has the 
disadvantage of being relatively unstable} however, its 
degradation products are siioilar to octyl acid phosphate which 
is also a relatively good solvent. O.f.P.A. has the advantage 
of being inexpensive. The raw material cost for a 10 per cent 
solution of O.P.F.A. in kerosene is approximately |,09 per lb. 
when it is prepared from reagent grades of capryl alcohol and 
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Uriifiiura reeovery obtained with various 
fable 11 
afil c
lolvents 
Solvent tJrtnlura recov 
(per cent) 
kerosene 0 
carbon tetrachloride 0 
trlchloroethylene 0 
chlorofora 0 
diethyl ether 0 
acetone 0 
tthanol $5^ 0 
ethyl a©©tat® 0 
aesltyl oxide 0 
cyclohexanone 0 
roe thy I liiobutyl ketone 0 
2«ethyl-n-he3canol 0 
nltroroethane 0 
1-nltropropane 3 
2-nltr0propane 0  
nitrobenzene 4 
trlbutyl phosphate 8 
octyl acid phosphate (5% in kerosene) 22 
trloctyl phosphate 22 
octyl pyrophosphorlc acid {3% In 38 
kerosene) 
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^2^5' eouli probably to© lowered to about $.04 per 
lb, if commercial grades were used. 
Effect of Solvent Concentration 
A series of superphosphates was extracted with various 
concentrations of O.P.P.A, in kerosene to determine the optimum 
concentration for uranium recovery, fable 12 gives the results 
of theae tests. The superphosphates were prepared with 70 
per cent sulfuric acid and a 1,81 acidulation ratio. The 
extractions were done at the reaction temperature of approxi­
mately 50*C. 
All of these tests were made with 0.94 ml, of total sol­
vent per g, of rock. The O.P.P.A. solutions above 50 per 
cent by weight were very viscous and difficult to separate 
from the superphosphate. The O.f.f.A, solutions were prepared 
fresh for each extraction. Figure 6 shows the effect of 
O.P.P.A, concentration in kerosene graphically. The results 
indicate that 10 per cent O.P.f.A. is the optimirai concentra­
tion. The wanium recovery is relatively independent of 
solvent concentrations above 10 to 15 per cent. 
Effect of the Solvent to Superphosphate Eatio 
A number of superphosphate samples were prepared and 
simultaneously extracted with various amounts of fresh 10 
per cent O.P.P.A, This series of extractions was made to 
test the effect ©f the solvent to superphosphate ratio on 
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fable 12 
Effect of O.P.P.A. concentration on uranium recovery 
Concentration of solvent 
(per cent 0.F.F.I.) 
UranluBi recovery 
(per cent) 
0 0 
0.5 19 
1.0 22 
2.0 28 
5.0 40 
10.0 51 
15.0 47 
15.0 49 
ao.o 58 
§0.0 50 
75.0 60 
100.0 53 
mraniuffl recovery. Table 13 gives the reaulte of this series 
of teats. The amount of solvent is given on a lb. per lb, 
of roek basis. Each superphosphate in the series was prepared 
with 60 per cent sulfuric acidi and a 1.81 acidulation ratio, 
figure 7 shows the results graphically. 
The data shows that the uranium recovery is relatively 
independent of the amount of solvent present. As long as there 
60 
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is enough solvent present to contact all portions of the 
superphosphate during the extraction, additional O.P.P.A. 
does not seen to increase the uranli^ recovery. The solvent 
to superphosphate ratio very probably depends on the efficiency 
Table 13 
Effect of the aaaount of O.P.P.A. on uranium recovery 
?atio of total solvent O.F.P,A. plus kerosene) tJraniua recovery 
- 3?o©k (pejp cent) 
•llfet. ptr, 
0.21 34 
0.64 40 
0.80 35 
0.80 33 
0.96 34 
0.96 36 
l.ia 36 
1*44 36 
3.84 34 
of mixing of the organic solvent and inorganic slurry. With 
mixing conditions siaiilar to that obtained in the laboratory 
with the Mixmaster, a ratio as swall as 0.24 lb. of 10 per 
cent O.f.f.A, per lb. of rock is sufficient for extraction 
of the uraniuffl. 
<0^  
100 
90 
Z 80 
UJ 
O 
a: 70 
u 
Q_ 
'60 
z 
0 
^ 50 
< 
(T 
»- 40 
X 
LU 
5 30 
3 
1 20 
3 
10 
1.81 LB. H2SO4 PER LB. P2O5 ACIDULATION 
METHOD WITH 60 PER CENT H2SO4 
— o 
•3-6-^ 
jQ. 
T) 
0 1.0 2.0 3.0 4.0 
SOLVENT TO ROCK RATIO, LB. PER LB. 
FIGURE 7. EFFECT OF SOLVENT TO ROCK RATIO ON 
URANIUM RECOVERY 
51 
Effect of Solvent Age 
Due to the inherent instability of the O.P.P.A, solvent, 
a brief study was made of the effect of solvent age on 
uraniuw recovery, k portion of 10 per cent O.P.P.A, was 
prepared and after various lengths of tirae an extraction 
was made. Each of the superphosphates was made with 60 per 
cent sulfuric acid and a 1.8l acidulation ratio, A 0,64 lb, 
per lb, solvent to rook ratio was used. All of the extrac­
tions were roade at the reaction teraperature of approximately 
50*C. Table 14 shows the results of these tests. Figure 8 
presents the sawe data graphically. 
As expected from the eguilibrlua data with aqueous uranyl 
nitrate solutions and the non-aqueous titrations with sodiuw 
hydroxide, the uraniwi recovery gradually decreases with 
increasing age of the solvent, This is due to partial 
hydrolysis of the pyrophosphoric acid to the aono- and dioctyl 
phosphoric acids and eventually to phosphoric acid. It is 
necessary, therefore, to use freshly prepared O.P.P.A, for 
good uraniuw recovery. 
Effect of Extraction Temperature 
Some extractions were made to test the effect of tempera­
ture on uraniuiB recovery. All of the superphosphates were 
prepared frora 60 per cent sulfuric acid and a 1.8l acidulation 
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ratio. A 0.64 lb. per lb. solvent to rock ratio was used 
for eaeh ©Ktrtctlon. When the reattants were added at room 
temperature, the heat of reaction of the roek and sulfuric 
aeid raised the tewperature during the early part of the 
extraction to approxiwately 60*C, The temperature gradually 
decreased so that it was about 50*C during most of the 
extraction period, fhe extractions made at a higher 
fable 14 
Effect of O.P.f.A. age on uranium recovery 
Age of O.P.P.A. Uranium recovery 
(hours) {per cent) 
0.5 40 
5.0 32 
8.0 27 
12.0 24 
temperature were done on a hot plate. The materials were 
heated previous to the simultaneous acidulation and extrac­
tion. The solvents that were heated to approximately 100*C. 
had a tendency to darken in color. When the heating period 
was prolonged a dark brown, viscous phase would separate 
from the solvent and settle to the bottom. This heavy phase 
m 
100 
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figure 8. effect of solvent age on uranium 
recovery 
5% 
was insoluble in kerosene. A 10 islnute mixing time was used 
for each test, fable 1$ gives the results of these tests. 
The same data is presented graphically in Fi^re 9. 
fable 15 
Effect of extraction temperature on uranium recovery 
Extraction temperature 
(•c.) 
Uranium recovery 
(per cent) 
k9 32 
49 35 
51 31 
53 31 
90 16 
101 13 
101 6 
102 8 
fhe results show that the highest uranium recovery was 
obtained at the lower extraction temperatures, fhe reason 
for the decrees© in uranium extraction with increase in 
temperature was very probably due to partial hydrolysis of 
the O.P.P.A, This agrees with the findings of the 0. S. 
Phosphoric Products Division of the Tennessee Corporation (^1) 
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figure 9. effect of extraction temperature on 
uranium recovery 
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on their work on the reeovery of uranluna from wet process 
phosphoric acid* They reported that an increase in acid 
tewperature of 20*F. above 80*P. doiabled the O.P.P.A. con-
siffliption for the same degree of uranium extraction. 
As a wethod of checking the actual reason that tempera­
ture has such a deteriorative effeet on uranium extraction, 
a series of superphosphate samples were analyzed for 
distribution immediately after the aoidulation. These 
analyses determined the conversion that actually existed 
during the extraction. It is reasonable to expect that the 
only uranium available for extraction by the solvent is that 
amount freed from the fluorapatite crystalline structure. 
4 solvent leach of the rock does not recover any uranium, 
fhe amount of P 0 conversion to the available form is a 
measure of the extent of reaction of phosphate rock. Table l6 
gives the P 0,. analyses for some fresh superphosphates prepared 
2 P 
with 60 per cent acid and a 1.81 acidulation ratio. The 
P 0 determinations were mad® as soon as possible after the 
simultaneous acidulation and extraction. A time lag of 
approximately 20 to 30 minutes occurred, however, while the 
liquid and slurry phases were separated and samples were 
weighed for the determinations. A small amount of conversion 
probably took place during that time. It was assumed that 
once the water soluble p2®5 analysis was started, the conver­
sion was stopped. 
Tmhle l6 
Phosphate analyses of fresh superphosphates* 
Aei^ttlation ratio - l*8l Ito. add per lb. 
' ' ' '• ' • • • " • Ifater ' Cltirale 
Temperature Tot^ Awllable Conversion soiubie Insoluble Moisture 
(per^^nt) (peg jent) (pel tentjfpep^^nt) (pe'^^pt) (per cent) 
51 21.0 12.? 60.7 11.0 8.26 21.5 
%9 22.2 15.4 69.% 11.9 6.80 22.8 
49 21.1 12.2 57.9 10.0 8.87 24.4 
106 21.3 18.0 84.5 16.7 3.34 14.2 
a 
All of the phosphate data are reported on a dry Isasla* 
§8 
Tim data in Table 16 shows that a greater conversion of 
p2% was made at the higher temperature. Sampling trouble 
made it very difficult to determine a uranium recovery on 
the same samples that the ^2^5 measurements were made} 
however, a study of Figure 9 shows that much lower actual 
uranium recovery can be obtained at the higher temperatures. 
This makes it rather certain that it is the effect of the heat 
upon the solvent, not on the aeidulation reaction, that 
reduces the uranium recovery. A study of the availability 
data also shows that although approximately 60 per cent of 
the P2O5 had been converted, only about 32 per cent of the 
uranium was recovered under the particular extraction condi­
tions used for these tests. 
There are several factors that may prevent the solvent 
from recovering all of the available uranium. First, part 
of tlw uranium may be present as a compound insoluble in 
the solvent. If the uranium is present as it is 
possible that W^. is formed by the HF liberated from the 
reaction between the rock and sulfuric acid. UF4 is 
insoluble in O.P.P.A. In fact, the usual method of stripping 
uraniUBi from the solvent is by forming wanium tetrafluoride. 
The Dow research workers found that the addition of a small 
amount of nitric acid during the aeidulation of the rock 
increased the ultimate uranium extraction from the cured 
superphosphate very appreciably. It is possible that the 
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nitrle mid aeted as an ojEidizing agent to form U or keep 
the uranluia in the U vaXenee statej thereby# preventing 
the formation of the insoluble UF|^. The value of an oxidizing 
agent was also proven toy Inoreasing the uraniuw recovery from 
wet prooeas phosphoric aeid (33)* Senerally, only 60 to 80 
per cent of the uranium present in phosphate rock is recovered 
in phosphoric acid, Under oxidizing conditions, the uranium 
recovery to the phosphoric aeid parallels the ^ 2^5 recovery. 
Mother factor that could prevent the solvent from 
recovering all of the available uraniuro is the mode of 
reaction between the phosphate rock particles and sulfuric 
acid. Kearns determined, in his work on the quick-cure 
process, that increased conversion of PgO^ was obtained by 
decreasing the phosphate rock particle size (27). It has 
been proposed that the reason for the dependency of conversion 
rate on particle size is due to the forwation of a layer 
of nearly irapervious reaction products on the surface of 
the rock particles. If such a layer is formed, it means for 
good uraniiMai recovery that the O.P.F.A, has to diffuse into 
the reaction products layer, pick up the uranium and then 
diffuse back into the main body of fluid. The rocks used 
in these escpe^^iaaents were ground to approximately 60 per cent 
through 200 mesh. The screen analyses are shown in Table 4. 
This is the size rock commonly used in commercial practice 
to produce superphosphate. 
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Iffecfe of Extraction Contact Time 
As one method of testing the possible effect of a 
reaction products layer on uranium recovery, a series 
of superphosphates were extracted for various lengths 
of time with 10 per cent O.F.P.A, All of these samples 
were prepared with 60 per cent sulfuric acid and a 1.81 
acidulatlon ratio. A solvent to rock ratio of 0,64 lb, 
per lb. was used. All of the extractions were done at the 
reaction temperature of approximately §0*C, Table 17 gives 
the results of these tests. The same data is shown 
graphically in Figure 10. 
fable 17 
Effect of extraction contact time on uranium recovery 
Ixtraction contact time 
(minutes) 
Uranium recovery 
(per cent) 
2.5 19 
2,5 19 
5.0 21 
5.0 23 
7.5 25 
7.5 26 
10.0 37 
10,0 35 
12,0 38 
16.0 35 
20.0 3% 
20.0 26 
30.0 32 
30.0 29 
60 
50 
40 
< 30 
5 20 
1.81 lb. h2so4 per lb. p2o5 acidulation 
method with 60 per cent H2SO4 
0 5 10 15 20 25 30 
length of extraction , minutes 
figure 10. effect of length of extraction on uranium recovery 
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fhe data show a very marked rise in tjranium recovery 
was ol&tained as the eontaet tlrae increased for the first 
10 mintjtes. After 12 rainutes the wraniua recovery gradually 
declined, fhe decrease in recovery was very probably due 
to partial hydrolysis of the solvent, fhe Dow research 
workers on tlwir work with cured superphosphate aleo found 
that uraniua recovery decreased with increaaing contact time. 
If the rate of diffusion of the solvent through the reaction 
products controlled the amount of uranium recovery in a given 
time, the amount of recovery would have been expected to 
increase with increased contact time. If there was any 
increase, the rate of solvent degradation after 12 minutes 
was more important, A 10 to 12 minute extraction time seems 
optimum for the type of mixing obtained with the Miimaater. 
Effect of Oxidising and Reducing Agents 
k number of different superphosphate samples were 
prepared to test the effect of oxidizing and reducing 
agents on uranium recovery, fhe dry chemicals were intro­
duced with the rock| however, the nitric acid was added 
with the sulfuric acid, fhe simultaneous acidulations and 
extractions were done with 6o per cent sulfuric acid, 1.81 
acidulation ratio, 0.64 lb. per lb. solvent to rock ratio 
and a 10 minute mixing time, fhe results of these tests 
are given in fable l8. 
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fable 18 
of oxidizing and reducing 
agents on uranium recovery 
Agent 
Ratio of Agent 
to Rock 
(lb. per lb.) 
Uranium 
recovery 
(per cent) 
Fowdered iron 0.02 26 
feSOij. 0.02 25 
Mo agent used « 40 
K2S2% 0.02 47 
IIMO3 0.02 44 
HNO3 0.10 51 
The data indicate the marked effect of either oxidiz­
ing agents or reducing agents on uranium recovery. Ordinary 
recovery with the same operating conditions but without 
oxidising or reducing agents is approximately 40 per cent. 
It can be seen that the presence of reducing agent lowers 
the recovery while the presence of an oxidizing agent 
increases the uranium recovery, fhis agrees well with the 
findings of the Dow workers (33). 
The pregnant solvents recovered from the superphosphates 
that had been prepared with oxidizing agents were darker 
in color than the ordinary solvents. Apparently it is 
possible that the solvent could become oxidized by drastic 
eoiidltlons. It seema, however, that the action of an 
oxidizing agent to for® la of more value to high uranium 
reeovery than any deteriorative effect it may have on the 
solvent. 
Effect of iulfurie A0l<l Concentration 
A series of superphosphates was prepared to test the 
effett of the sulfuric aei<S concentration on uranium re­
covery. All of these samples were prepared with a 1,81 
lb# acid per lb, fg©^ acidulation. A solvent to rock 
ratio of 0.64 lb. per lb, was used with 10 per cent O.P.P.A, 
as the solvent. A 10 minute simultaneous acldulatlon and 
extraetion contact time was used. Ho oxidizing agents 
were added to the mixture®. Table 19 presents the data 
from this series of tests. Figwe 11 shows the same results 
graphically, the effect of a wetting agent is also shown. 
the wetting agent used in the simultaneous acldulations 
and extraetlons was Tergltol MFX, the amount used was 
approximately I per cent of the amount of solvent. It Is 
made by tinion Carbon and Carbide Corporation and consists 
of a mixture of homologous alkyl aryl polyglycol ethers. 
The data do not indicate any effect of the material on 
uranium recovery| however, with very low acid concentrations 
the wetting agent appeared to inorease the rate of reaction 
between the rook and aeid. 
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fable 19 
Effeet of suXfwie aeid concentration 
on araniiim recovery 
Concentration of 
Acid 
(per cent) 
Wetting Agent 
Used 
UraniuiB 
Recovery 
(per cent) 
80 tes %T 
75 Yes 51 
TO Ko 49 
TO No ^9 
65 So 
65 Ho 
60 fes 43 
60 fes 40 
55 Ho *3 
55 M© 42 
50 Yes 44 
50 No *3 
*5 fes 44 
*5 Yes 46 
35 Yes 40 
30 Yes 42 
25 Yes 42 
to Yes 4l 
20 Yes 42 
fhe optimw sulfuric acid concentration seems to be 
about 70 per cent. Conveniently, this is the acid concentra­
tion eoswonly used in coiwerclal practice to pro<luce super­
phosphate . There is little effect on uranium recovery 
when acids below 60 per cent concentration are used. An 
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aq«eous phase begins to appear, however, in addition to 
th© solvent and superphosphate phases, when aeide of concen­
tration lower than §0 per cent are uaed. Some method 
would have to toe used to return to the superphosphate the 
portion of available P2O5 that is present in this phase if 
these acid strength® were used, 
fable 20 gives soBie phosphate availability data for 
cured superphosphates prepared with acids of various 
concentration. All of these samples were cured at room 
conditions for % weeks after the simultaneous acidulation 
and extraction. Only the solid portions of the cured 
superphosphates were analyzed, although the aqueous phase 
present with the acid concentrations lower than 50 per cent 
would have undoubtedly contained part of the water soluble 
portion of Pjg^-
A study of the data in fable 20 shows that the con­
version with the simultaneous acidulation and extraction 
was slightly lower than the conversion in regularly pre­
pared superpliosphate. A decrease of about 4 per cent in 
conversion occurred when 70 per cent sulfuric acid was 
used. 
The effect of multicontacfc extraction was tested on 
a superphospiiate sample prepared with 70 per cent sulfuric 
acid, three separate contacts with fresh 10 per cent 
O.P.F.A. were used. Each extraction was 10 minutes long. 
fabl© 20 
?h®sphate aaalys®s of s«|»epptospMfees 
Acldaatioa ratio - 1.81 Ife, aeii per lb. ?2®5 
Smlfari© aei4 total Available Ooaversioa Mater soluble i«g©iMisi® 
©onoentration FgOg PgOc FgO^ FgOs ^ q„ 
(per ©eat) (per eent) (per cent) (per eent) (per oeat) (per ee»t) 
TO; 
?0* 
20.5 
20.6 
20.3 
20.3 
99.1 
98,6 
19.9 
19.6 
0.20 
0.27 
70 
70 
20.6 
20,# 
19.3 
19.3 11:1 
19.3 
19.2 
1.26 
1.06 
65 
65 
19.3 
19.3 
18.8 
18.7 
97.* 
97.1 
18.0 
18.2 
0.5* 
0.56 
60 
60 
20.* 
20.3 
19.6 
19.7 
96.1 
9T.2 
18.7 
18.7 
0.79 
0.56 
55 
55 
19.5 
19.0 
19.3 
18.5 
98.9 
9T.1 
18.4 
18.2 
0.21 
0.52 
50 
50 
19.1 
19.3 
18.7 
18.9 
97.5 
97.6 18.2 
0.*4 
0.45 
*5 
*5 
12.0 
11.9 
9.3 
9.2 
77.3 
77.1 
7.6 
8.3 
2.71 
2.73 
*Saaples not extracted. 
fable 20 CCootintted) 
Sulfuple aeld fotal Available Gen'rersloii Water soluble Citrate 
eoneentratlon 
(per eetit) (pe?tliit) (per ©eat) 
PgOg 
(per cent) 
insoluble 
FgOg 
(per ©eat) 
35 
35 
12.T 
12.2 
T.5 
8.1 i:] 
5.2 
6 A  
5.20 
%.ll 
30 
30 
11,8 
11,* 
7.7 
7.* 
64.8 
64.9 
6.1 
*.l 
%.20 
*.00 
25 
25 
12.2 
11.6 
8.1 
7,8 
66.6 
67.2 
6.3 
6.1 
4.06 
3.80 
20 
20 
12.1 
12.3 
6.4 
6.4 
53.1 
52.3 
*.8 
5.1 
5.67 
5.86 
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k 0*6% lb. per lb. solvent to roek ratio was used for each 
contact. Mo oxidising agents were used and the extractions 
were done at the reaction temperature which varied from 
52*C. for the first extraction to 3%*G. for the final con­
tact. 
fhe cured superphosphate analyzed 0.0042 per cent 
©300 Which corresponds to a 5% per cent uranium recovery. 
A single contact extraction with similar operating con­
ditions is eapal&le of recovering afeout to 50 per cent 
of the uranium. Since two extra contacts recover only an 
additional k per cent of tl^ uraniu®, it is doubtful that 
it would be economically feasible to use more than one 
lifuid-slurry extraction step. 
Effect of Acidulation Ratio 
Because of the success of other workers in recovering 
practically all of the uranium from wet process phosphoric 
acid (l6),(4l) which contains 60 to 80 per cent of the 
uranium present in the phosphate rock from which it was 
prepared, a study was made ©n the effect of over-acidulating 
the phosphate rock, A number of samples were prepared by 
over-acidulating the rock to make a mixture of products 
similar to phosphoric acid and gypsum. This mixture was 
contacted with 10 per cent O.f.F.A. to recover the uranium 
and then sufficient additional rock was added to reduce the 
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0V«i»all aeidiilat!l©n ratio to 1.81 lb. acid per lb. PgOg. 
Only the urani\aa present in the roek initially acidulated 
with 2.50 lb, acid per lb. was available for extraction 
but the addition of more roek was necessary to get super­
phosphate as a product, fhe operating procedure for the 
use of the initial! higher aeidulation ratio is more complex 
than with the 1.81 ratio because an additional acldulation 
step is necessary} however, if higher uranium recoveries 
could be obtained by this method it might prove feasible. 
fgO^ determinations were made on several superphosphates 
prepared with the initial 2.§0 acldulation ratio. These 
data are presented in fable 21. The analyses were made as 
soon as possible after the initial acldulation and 
simultaneous extraction and before the second addition of 
rock. The amount of conversion determined should be repre­
sentative of the extent of reaction between the rock and 
acid at the time of extraction. All of the samples were 
prepared with 60 per cent sulfuric acid, 0.6^ lb. of solvent 
per lb. of rock and a 10 minute extraction contact time. 
Hhen the results shown in fable 21 are compared with 
those in fable l6, it can be seen that the amount of P2O5 
conversion in 10 minutes with either acldulation ratio is 
about 60 per cent. Apparently the excess acid does not 
increase conversion in that short of a time interval. 
A series of superphosphates was also prepared to test 
the effect of sulfuric acid concentration on uranium 
Tahlm 21 
Ftosphat# analyses of sttpefphosphatie® 
Initial aeWulatlon ratio - 2.50 Ito. aeld per lb, P2% 
fotal Available Sonversion Water solvable Citrate Moistiire 
^2^5 %©§ P2% ^2% lasolttble 
(per eent) (per sent) (per eent) (per eent) eent) 
18.9 12,1 64.3 9.6 6.70 23.3 
17.1 ll.S 66.1 10.3 5.83 18.2 
17-5 12.2 69.3 10,4 5.32 18.7 
^All of the phosphate data are reported on a "dry" basis. 
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meomrf usiag %m initial 2.50 aeidnlation ratio proeeaure. 
fabl« 22 presents ttie results of, these tests. The same 
data are presented graphitally in Figure 12. h 10 minute 
extraetion period with 0.6% lb, ©f solvent per ib. of 
ro0k was used for eaeh experiment, fhe uranium recovery 
has been ealewlated on the basis of the initial amount of 
uraniw present during the extraetion and also on the 
overall amount of uranium present from both additions of 
phosphate rook. 
•k study of the data shows that sulfuric acid eoneen-
tration does not have the same effect with the initial 
over-aeidulation procedure than it has with the 1.81 acldu-
lation ratio method, fhe more dilute acid concentrations 
seem to favor higher uranium recovery. Even with only 20 
per cent sulfuric acid* however, the uranium recovery based 
on the initial rock present is only about 50 per cent 
complete, fhis, of course, is still less than the 60 to 
80 per cent that can be recovered during the production of 
wet process phosphoric acid. However, wet process acid 
is generally produced by a step-wise acidulation procedure 
which offers a much greater length of time for acidulation 
to take place. Acid strength and temperature are also 
carefully controlled so that the proper CJaSOji crystalline 
structure Is formed for good separation of the acid and 
fable 22 
Iffeet of ©Mlfuri© aeld ©onoeiiferafeion on uranium 
reeoirery wifeli an initial aoidulation ratio 
of 2.50 lb. aoid per lb. P2O5 
CSoncentration Cranium recovery 
of acid Initial Overall 
(per cent) (per cent) (per cent) 
60 38 26 
60 36 24 
55 J3 29 
50 40 27 
45 m 31 
%0 %l 28 
35 m 32 
35 51 35 
30 m 32 
30 46 31 
20 50 34 
to 50 34 
gypsw. Any variation from these specific operating 
conditions could cause the decrease in uranium recovery. 
Most wet process phosphoric acid is used in the pro­
duction of triple superphosphate# which is prepared by 
reacting wet process acid with phosphate rock. An acidu-
lation of 2.3 lb. acid P2O5 per lb. of rock PgO^ is used. 
A process tfctat recovers uraniw from wet process phosphoric 
acid, @f course, has no effect on uraniua in the rock. If 
80 per cent uranium recovery is assumed fro® the rock that 
TS 
100 
9 0 —  2.50 lb. H2SO4 per lb. p2o5 initial 
acidulation method 
80 — 
z 60 
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sulfuric acid concentration, per cent 
figure 12. effect of sulfuric acid concentration 
on uranium recovery 
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go®@ into proiuotion of wet proeess acid, the overall 
recovery fro® triple superphosphate is only 56 per cent. 
When eoapared on an overall toasis, the uranium recovery 
from wet process acid (used in the production of triple 
superphosphate) and the uranium recovery from normal 
superphosphate by the acidulation-extraction method are 
about the same. An acidulation-extraction procedure very 
similar to the one developed in this present work could 
probably be u®ed t© siaultaneoualy recovery uranium from 
wet process acid and phosphate rock during the production 
of triple superphosphate. 
Discussion 
fhe 1.81 lb. sulfiarl© a©ld per lb, ^2^5 acidulatlon 
preeedure seeras more feasible for uranium recovery than 
the 2,50 aeidulation method, fhe aaximua overall uranium 
recovery obtained by the first ©ethod was about 50 per 
cent, while that for the 2,5© Method was only 35 per cent. 
The 2.50 acidulation process also has the disadvantage that 
it requires more process steps. An additional mixing 
operation is necessary when the second batch of rock is 
added to reduce the overall acidulation to l,8l. The 2.50 
acidulation may have one advantage when compared to the I.81. 
A considerable amount of organic material is occluded by 
the fresh superphosphate. The samples prepared in the 
laboratory were filtered and washed with kerosene but even 
with vacuum filtration about 10 per cent of the total 
organic was held by the fresh superphosphate. This amounts 
to a loss of about 1/3 lb. kerosene per lb. of rock (dry 
basis), future pilot plant studies way show that the 
organic solvent can be separated from the freshly acidu­
lated rock more easily when the t.50 acidulation is used. 
When the I.8I lb. sulfuric acid per lb. P2O5 acidula­
tion is used, at least half of the uranium can be recovered 
by a single step liquid-slurry extraction of the freshly 
acidulated phosphate rock. Although octyl pyrophosphoric 
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aeM has the disadvantage of being relatively unstable, 
when freshly prepared it is the best known solvent for 
reeovering uranium from superphosphate. Because of its 
instability, the solvent was found to work best at moderate 
temperatures and short aa possible eontaet time with hydro-
lyaing eonditions. fhe optiaiM operating conditions for 
uranium recovery were determined to be* 
1. An extraction ratio of 0,24 lb, solvent (10 per 
cent O.F.F.A. in kerosene) per lb. phosphate rock. 
2. A 10 minute simultaneous acidulation and extraction. 
3. A sulfuric acid of TO to 75 per cent concentration. 
4. An extraction temperature of approximately 50*C. 
as contrasted to higher temperatures. 
A uranium recovery of 50 per cent was obtained with these 
conditions. The recovery seemed to be limited mainly by 
two factors. One of these was the extent of apatite lattice 
destruction by the sulfuric acid. Only uranium freed from 
the apatite lattice can be recovered by solvent extraction, 
fhe other limiting factor was the possible formation of 
during the rock acidulation. Uranium tetrafluoride is 
insoluble in octyl pyrophosphoric acid. 
There was no work done on methods of stripping uranium 
from the solvent. It was assumed that the method developed 
by Dow (30) in their work on cured superphosphate could be 
4.k 
used. In this method, the uranium is reduced to U ^ with 
?9 
fewotis sulfate. WP4 it fomed by the addition of HF and 
the insoluble uranium tetrafluoride is filtered out of the 
solvent. 
A ra«f aaterial eost estimate was made to determine 
the oo»t of uranium recovered fro® superphosphate by the 
simultaneous aoidulation and extraetion process. The 
consumption of FeSOj^ and HF was estimated froa the Dow 
process data ($0)* Xt was aisumed for the cost estimate 
that 50 per cent recovery would be obtained from a phosphate 
rock containing 0.013 per cent V^Og, It was also assumed 
that the O.P.f.A. could be reused ten times. This assump­
tion seems reasonable because it should be possible to 
recycle the solvent several times per uranium strip. The 
capacity of 10 per cent O.F.f.A. is much higher than the 
amount of uranium it would pick up in one contact with 
superphosphate* fable 83 shows the raw material cost 
estimate based on April, 1955 prices. 
The data in Table 23 show that the cost of kerosene 
lost in the superphosphate makes the process very uneconomi­
cal, The kerosene, of course, rspresents g mechanical loss 
as contrasted to the other materials, which are chemically 
constwed. The IS.JO cost of the raw materials actually 
consumed in the process would be reasonable if it is as­
sumed that uranium is worth |25 per lb. The Atomic Energy 
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fable 23 
Estloate of feh® raw aafcerial C'Ost; for uranium 
reeowrei from superphosphate by the 
aeidiulation-extraotion method 
Material init cost 
(•/lb.) 
Consumption 
(lb./lb. UjOg) 
Cost 
(I/lb. U3O8) 
P2®5 .17 9.56 1.63 
capryl alcohol .20 17.00 3.40 
FeS04'7H20 .02 6.06 .12 
If .28 1.95 .55 
5.70 
kerosene .02* 1780. *2.72 
48.42 
Cowaission would probably be willing to spend this mueh for 
a domestic source of uranium. 
If a lower boiling diluent for O.P.P.A. was used, it 
probably ©ould be recovered by a drying operation follow­
ing the solvent and superphosphate phase separation. It 
would be impossible to recover Icerosene by a drying opera­
tion. A study of fable 7 Qf Figure k shows that it would 
be necessary to heat to at least 280*C. to boil off the 
kerosene. Superphosphate will revert to an unavailable 
form of P2^§ lower temperatures than this. A 
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material like n«hepfeaii#, wMeh boils at 90*C., could be 
used as the diluent for O.F.P.A. It could be removed 
from the auperphosphate by a drying operation and recovered 
from the drier gases for recycle. 
fhe quick»cure process for the production of superphos­
phate uses a drying operation to cure the material. A 
similar drying process could be used to simultaneously cure 
the superphosphate and remove the diluent. If this method 
were used, the process steps necessary to recover uranium 
and produce superphosphate would bes 
1. Mix rockj acid, and solvent, 
2. Separate the solvent from the freshly acidulated 
rock, fhe O.P.P.A. could be washed out with diluent. 
3. Strip uranium from O.P.F.A, 
k. Dry fresh superphosphate to simultaneously cure 
the product and remove the diluent. 
5, Recover diluent from drier gases and recycle. 
fart of %hit diluent would probably be lost but it 
certainly would be less than the amount of kerosene occluded 
by the fresh superphosphate, fhe cost of processing would 
be higher when a drying operation is used but a large 
share of the cost would be supported by the advantages of 
%uick-curing. A pilot plant study would indicate if the 
operating costs would exceed the approximate $19 margin 
between raw material costs and the price of $25 per lb. 
for uranium. 
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COHCLWSIOMS AN© HECOMMlHDAflONS 
from th© results of this study, it is concluded that: 
1. UraniiM can fee recovered fro® superphosphate by 
a single step lifuid-alwry extraction of the freshly 
acidulated phosphate rock. Although the maximum uranium 
recovery ofetained was only half of that present, it is of 
the same level as the overall uranium recovery from triple 
superphosphate prepared from wet process phosphoric acid 
that has feeen sufe^^cted to a uranium extraction. At the 
present production level of normal superphosphate, even 
§0 per cent recovery represents a domestic source of 
approximately 500 tons of uraniina annually. 
2. h solution of 10 per cent octyl pyrophosphoric 
acid in a diluent should fee used as the solvent. Only 0.24 
lb. of total solvent per Ife. of rock was necessary. 
3. fhe usual aeidulation for the production of super­
phosphate should fee used (l.Sl lb. acid per lb. P2O5) with 
sulfuric acid of 70 per cent concentration, 
4. fhe process may be economically feasible if the 
O.P.P.A. and diluent can be recovered from the superphos­
phate. A diluent such as n-heptane, which can be removed 
by drying, would have to be used. A drying operation that 
would simultaneously fuick cure the superphosphate and 
remove the diluent could be used, fhe diluent would have 
to be recovered from the dryer gases and recycled. 
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5, fhe limiting factors in the recovery of uranium 
bj th« aoidulation-extraetion process are the extent of 
apatite iattiee destruction and the possible formation of 
during the acidulation. fhe only urani\M available for 
reeoverj is that freed from th© crystalline lattice struc­
ture. 0ranium tetrafluoride is insoluble in octyl pyro-
phosphoric acid. 
It is recowmnded that the simultaneous acidulation 
and extraction process be further studied, fhese studies 
to determine if uranium recovery can be increased (perhaps 
with finer ground phosphate rock), if the diluent can be 
recovered from the fresh superphosphate by a drying 
operation, and if the cost of operation is economically 
feasible. 
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AWmmiX A. flyolhffifllc AMkhmiB P0« imamium 
Tli® S. ieologleal Survey has recently developed the 
flttoriaetri© analysis procedure for low-eoncentratlon uranlmn 
samples (1?),(Si),(22), This method of analysis Is based 
on the fluoreseenee property of uranium salts under ultra­
violet light after fusion »ith sodliMi fluoride. The in­
tensity of the fluoresoenoe is directly proportional to the 
amount of uranium present, fhe quantitative test for 
uraniwa is speeifie isith long wavelength (365O a) ultraviolet 
light (22). In spite of this speoifielty* many elements 
interfere by quenching the uranium fluoreseence. Table 24 
lists the quenchers. Strong quenchers are those elements 
where I to 10 micrograms quench uranltM fluorescence by 
10 per cent or more# moderate quenchers are those where 10 
to §0 micrograms quench by about 10 per cent, and weak 
quenchers are those that 50 to 1,000 micrograms quench 
fluorescence by about 10 per cent. 
Two techniques have been developed to eliminate or 
reduce quenching interference. The "dilution" or direct 
method does not involve any cto«mical separations. This 
method reduces quenching to a negligible factor by using 
extremely small samples fijr analysis. This method is possible 
because the degree of quenching depends only on the con­
centration of the quencher in the phosphor and not on the 
ratio of concentration of quencher to concentration of 
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fable 2% 
PratiitMi fluoresoenee fuenehing elements® 
Strong %ienehers Moderate Quenehers Weak Quenchers 
er m 
m F® 
§0 Gu 
m %n 
ha Sn 
Pt Th 
4U 
fb 
Ce 
fr 
M4 
®Table adapted from Griroaldl, fEI 219, o p «  olt.« p. 4 .  
uraniuffl In the sample, fhe dilution method, however, has 
the disadvantage of being ver^ susceptible to interference 
due t© background eontaffiination. 
In the ©eoond method, the uranium is separated from 
the quenching elements before the fluoride phosphor is 
formed, fhis separation is co»only done by extraction of 
uranyl nitrate with an organic solvent. The following 
analSTBis procedure uses this solvent extraction method. 
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Briefly, the fltaoriffletri© proee^Smre eonsists of 
dissolving the sample eontaining uranium with nitric acid 
to for® uranyl nitrate, separation of the uranyl nitrate 
from quenchers fey solvent extraction, fusing the uranyl 
nitrate with a fluoride flux to form a phosphor disk, and 
ieterraining the intensity of fluorescence of the phosphor 
»ith a fluori®eter. fhe intensity of fluorescence is then 
compared with a standard. 
fure sodii» fluoride is often used as the flux l>ut a 
aiixed fluoride-carbonate flux has certain advantages. A 
mixture of 9 per cent Maf, 45.§ per cent NagCO^ and 45.5 
per cent 12®% procedure. This flux does 
not stick to the gold dishes, produces mechanically strong 
phosphors, gives afeout the BBm sensitivity as pure NaF, 
and »elt» at approximately 600*0. The flux is prepared in 
approximately 10 pound lotsj hoaogeneity is asswed by 
mixing for §0 hours by rolling in a carboy. The amount of 
flux used depends on the size of the fusion dishes. The 
phosphor disk should be thick enough to be mechanically 
strong and yet thin enough to fit in the fluoriraeter sample 
holder, fhe weight of flux used for each sample should be 
reproducible within 0.1 g. for tuantitative work (44). 
Two types of fluorimeters have been used to measure 
the intensity of uranium fluorescence. The "reflection" 
fluorimeter measures the intensity of fluorescence from the 
irradiated side of the phosphor disk. The "transmission" 
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Instraraeiat ffleaswes the flmoreseenee on the phosphor side 
opposite the ultraviolet light. The fluoriraeter uaed in 
this proeeiure is a Qalvanek-Morrison reflection type 
maniifaetwred by ^arrell-Ash Company, fhe Galvanek-Morrison 
FlaQrimeter ©onsists of three basie unitss an ultraviolet 
light chamber and sample slide, a detecting and measuring 
unit, and a power supply* fhe ultraviolet light is furnished 
by Sylvania Blacklite Blue lamps| unwanted light is separated 
by a set of filters which pass the §50 millimicron band 
of uranium fluorescence, fhe instrument is balanced with 
a fluorescent standard after which the comparative uranium 
fluorescence of an unknown sample is measured in micro­
amperes of current through the detecting phototube. 
Either gold or platinum dishes may be used for the 
fluoride fusion, fhis procedure uses gold dishes obtained 
from %lm Araerical Platinum Work®, Mewark, New Jersey. Table 
25 gives the specifications of the dishes* 
Table 2§ 
Fusion dish specifications 
Inner diameter 
Height 
Wall thickness 
Capacity (approximate) 
Flat bottom 
0.1 mm. 
15.0 cc. 
3.5 em 
1.6 cm 
0rade of gold 99.9 pet* cent 
9k 
Tim a®tual preparation of the phosphor melt is probably 
the most important step in the fliiorimetrie analytieal 
procedure* At elevated temperatures, the fluoride flux 
attaeks the gold dishes and serious quenching of the 
uranium fluorescence can result from prolonged heating, 
the time-temperature curves shown in Figure I3 illustrate 
the serious effects of overheating. It can be seen from 
these curves that the intensity of fluorescence is relatively 
independent of fusion time for a melt temperature of 650*C. 
This procedure uses an 8 minute fusion time at 650*C. Each 
gold dish is swirled after 5 minutes so that the molten 
flux contacts all of the urani^M. fhree samples are fused 
simultaneously in a muffle controlled by a Wheelco "off-on" 
Capacitrol. The muffle was made in the laboratory from a 
Hosldlns Manufacturing Company muffle replacement unit and 
some fire brick. 
The gold dishes are allowed to cool in desiccators 
after being removed from tte muffle. The phosphor disks 
are removed from the dishes by tapping them on a hard 
surface. The gold disl^s are reformed with a steel die and 
cleaned by boiling in 50 per cent nitric acid for 10 minutes. 
The excess flux is trimmed from the phosphors and the disks 
are stored in desiccators until they are read on the 
fluorimeter. The length of time after fusion that the 
intensity of fluorescence is determined must be reproducible. 
Crystal growth in the phosphor disk apparently has an 
8 
7 
6 
5 
4 
\ 
3 
2 
0 
0 
length of fusion, minutes 
figure 13. effect of temperature and length of time of fusion on 
fluorimeter reading ° 
^ADAPTED FROM GRIMALDI, TEI 219, op. cit. PAGE 3 
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ofi the inlenaity of fluor«seenoe. fable 26 shows 
the variation of fluoreseeno© with time for several samples. 
It is reported that fluoreseetiee Inereases the first 3 hours 
after fusion, decreases the next 3 hours and then gradually 
increases to approximately a constant value (44). This 
procedure uses a 24 hour period after fusion as a convenience 
to the operator. 
Table 26 
Intensity of fluorescence variation with tiae after fusion 
fluoriiMter reading in microamperes 
Sample ^ ^ hours 24 hours 48 hours 
a 23 27 28 27 
b 56 62 62 63 
c 76 76 78 81 
d 78 85 82 83 
e 130 140 135 135 
f 145 155 150 150 
There are several solvents for uranyl nitrate that 
can be used for the extraction procedure, Mallinckrodt 
purified 85-90 per cent grade ethyl acetate has been used 
in this procedure. It has the advantages of being readily 
available, inexpensive, stable, and has a low enough boil­
ing point that it is easily evaporated. An aluminum 
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nitrate soliitioii is wsed with the ethyl acetate as a 
salting-out agent an^ also a oowplexing agent for phosphate 
ion* An anatonium nitrate solution is used as a wash for 
the solvent to rewow interfering ions. 
The eoRiplete stepwise proeedure for the analysis of 
SEiall amounts of uraniuii in phosphate roek or superphosphate 
follows! 
Sample Preparation « 
1. Weigh a 5.000 to g» sample into a 100 ml, 
beaker, 
2. Add 10 ml. of eoneentrated nitrie acid and digest 
until no fflore 1>rown f«»es appear. 
3. Add 25 rol. of 50 per cent nitric acid and digest 
for 30 minutes. 
4. Allow to cool and filter into 50 b»1. volumetric 
flasks through double thicknesses of Whatman No. %0 filter 
paper. 
5. Wash with distilled water and make up to volume. 
.Extraction ft'oeedure -
1. fipette a 10 ml. aliquot of the sample solution 
into a small separatory funnel. These separatory funnels 
were made toy attaching a microstopcock to a thick-walled 
50 ml. centrifuge tube. 
2. Add 5 ml. of hot aluminum nitrate solution. This 
solution contains 60 g. Al(ll03}j'9Mg0, 6.7 »l. of nitric 
acid and 10 ml, of water. 
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3. Add 10 ml. of ®thyl aeetat© and mix for 3 minutes, 
4, Allow phases to separate and discard aqueous 
(hottom) phase* 
5. Add 10 ml. of ammonium nitrate solution. This 
solution contains 660 g. of NHjiHOj and 66 ml. of nitric 
acid per liter of solution. 
6, Mix for 3 minutes and allow phases to separate. 
Discard aqueous (bottom) phase. 
7, Pipette 2 ml. aliquot of the ethyl acetate phase 
into a clean, dry gold dish. 
8. iTOporate the etJ^l acetate to dryness under 
Infrared heating lamps. 
fusion Procedure • 
1. Weigh 3.© g, of fluoride flux into each gold dish. 
2. Fuse samples for 8 minutes in a 650*0. muffle. 
After 5 minutes the dishes should be swirled to assure 
homogenity. 
3. Remove gold dishes from muffle and place in a 
desiccator* Allow dishes to cool. 
Bemo^e the fused sample disks from the gold dishes 
and trim edges to fit the fluorimeter sample holder. Store 
the phosphor disks in a desiccator. 
§. After 2^ hours, determine the intensity of 
fluorescence of the disks on the Cl»ll Fluorimeter, 
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Slandard ©tirvts ham hmn developed to convert the lalcro-
aapere reading from the flmoriweter into a uranium eoneen-
tration, A separate curve is necessary for both phosphate 
rock and superphosphate. Each of the relationships is a 
straight line but more uraniw is extracted from the 
phosphate rock during the analytical procedure than from 
the superphosphate. 
Synthetic phosphate rocks and superphosphates each 
containiiig known amounts of uranium were used to develop 
the standard curves. fl»se synthetic samples were prepared 
from analytical grade chemical reagents, fable 27 gives 
the analyses of these simulated rocks and superphosphates. 
Table 2T 
Chemical composition of simulated phosphate rock 
and superphosphate 
Constituent 
Concentration in 
phosphate rock 
(per cent) 
Concentration in 
Superphosphate 
(per cent) 
GaO 45.0 28.2 
figO 0.4 0.25 
fa 4.0 -
f2®§: 33.5 21.0 
l.O 0.625 
AI203 l.O 0.625 
SiOg 8.0 5.0 
S04 - 34.0 
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Flgur® 1^ shows the standard ©urve for the phosphate 
roek analyses and Flgtare 1§ the standard curve for super-
phosphate. Each of these lines was determined frora the 
data hf the least squares aethod. The following straight 
line enuations were determinedt 
for phosphate rock -
y s oa904x • 2.15 
For superphosphate « 
y 5 0a§O2x • 0.24 , 
fhe aotual wanium eonoentration of samples was de­
termined from tables developed fro® the above equations. 
In ea©h equation, y is the reading in laieroaraperes from the 
fluoriraeter and x is equal to aierograms of 0303. Tables 
were used to eliminate errors frora reading the aicroampere-
uraniiMi ©onoentration graphs. 
fhe proeedur® outlined above was used on a standard 
phosphate roek sample obtained fro» New Brunswiek Laboratory, 
Hew Brunswiek, Mew Jersey. Table 28 shows the analytical 
results. 
fable 28 
Standard phosphate rook uranium analysis 
Sample O3OQ Concentration Xper cent) 
Sew Brunswick Laboratory 0.0288 
Standard fhosphate lock 0.0288 
reported 0.029^ 0303 0.0307 
average 0.0294 
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Tli« data indicate that the fluorlraetrie prooedure can 
toe eaijected to give acetirate uraniusa analyses that compare 
well with independently detenained analyses, fhe New 
Brunswick Mbor&tQry oanple had been analyzed colorimetrl-
eally using a sodlua hydroxide-sodiuffl peroxide color 
complex Mith uraniw* 
im 
kfmrniz B, UUDICMfRIC AMALYSIS FOR URAHIUI! 
fht natiwal radioactivity of uranium is often used 
as a qualitative method of determination, llnder certain 
eonditions, a t^antitative analysis oan be made for uranium 
by measuring tl» radioactivity of a sample. One of the 
best methods to measure radioactivity is by means of 
ioni«ation produeed in a gas by the radiation. The choice 
of the ioniaation detector depends upon the type of radia­
tion emitted. Uranium is a alpha«particle emitteri however, 
it is also the parent of a series of daughter products 
which emit radiation of different t^es. Generally all of 
these daughter products will be present with the uranium 
in an ore. Table 29 shows the uranium series. 
It is impossible to control disintegration reactionsj 
each disintegration is a spontaneous event. For this 
reason, tl» time intervals between disintegrations in a 
radioactive sample have a statistical distribution. When 
the number of disintegrations per unit time is measured 
from a unifojrai sample, it is found that radioactive decay 
hat a unimolecular reaction rate. The rate can be represented 
ass 
* *" Pi N 
where the decay constant, is defined as the fraction 
of radioactive atoms disintegrating per unit time and dN 
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fable 29 
Wanii® radiaaetlv® serlts® 
fopwlaf Atomie Measber Partlcl® 
nama wmh&r weight isotope emitted 
ll3?aniiw I 92 238 W alpha 
90 234 fh beta 
OXg 91 234 Fa beta, gamma 
igi?ani«iB 11 92 234 U alpha 
loniw 9© 130 Th alpha 
laditifli 88 226 Ha alpha, ganma 
ladon 86 222 m alpha 
laditM k 8% 2X8 Po alpha 
ladim B 32 214 fh beta, gamma 
Radim 6 83 214 B1 beta, gamma 
ladiwm S* 84 214 Po alpha 
Hadiwi ©*» 81 210 fl beta 
laditjm 0 82 210 fh beta, ganaaa 
laditim S 83 210 Bi beta, gamma 
tediiM F 84 210 fo alpha 
ladiiara Q 82 206 Pb stable 
^Adoptei from WT±@4lm^9r and Kennedy, op« cit.. p. 12. 
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is the nvmher of partioles disintegrating in a time interval 
dt. flie deeay ©onstant 7{ is a particular property of each 
reaction process. 
When the product of disintegration is radioactive, it 
will also disintegrate as it is formed. The overall rate 
of growth of this daughter substance is equal to the rate 
of its formation from its parent minus the rate of 
its disintegration ^2^ daughter. This can 
toe represented by the following equation. 
d% 
ir » 
In the case of radioactive equilibrium in which the 
parent activity does not decrease measurably during many 
half ••lives, the following relationship results j 
Kg ^  2 - ^ 3^ • 
This equation shows that after a long period of time, the 
nijwber of atoms of the pawnt disintegrating in a unit 
time is equgsl to ti» number of atoms of the daughter 
product disintegrating in that time. An equilibrium is 
set up between the amounts of radioactive substances in 
contact with each other. This condition is known as secular 
equilibrium. In the case of the uranium series, equilibrium 
is ultimately set up between all members of the series so 
thati 
Hi;il = : N3;?3 = Vl-?n-l • 
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fh® ntli of the series is the final stable product. 
this is Fbgo6 in the wtnium series. 
Seeular equilibrium generally exists in any naturally 
oeeurring uranium ore. This means that the number of atoms 
of eaeh isotope disintegrating in a unit time is equal to 
the number of atoms of any other isotope disintegrating 
in that time. Therefore, if a beta-eounter is used to meas­
ure the aetivity from a uranium ore, it will record 
activity from at least six lumbers of the series. Since 
uraniiM is not a betaemitter it is obvious that these 
measurements are n^anii^less unless secular equilibrium 
exists* 
fhere are several different methods to test if secular 
equilibrim exists. Some of th^se arei 
1. Hake quantitative chemical analyses for uranium 
on several samples and compare these results with radiometric 
analysest 
2. Pleasure to see if the counting rate of the sample 
changes with time, 
3. determine whether tfc» absorption curve (counting 
rate vs. thickness of absorber) is the same in the sample 
as in a known ore. 
4. ©ecide from previous experience. Experiments have 
shown that physical operations and separations will generally 
not destroy secular eqxiilibrium but drastic chemical or pyro-
metallurgical treatments will usually destroy the equilibria. 
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If s«@ialar efuilibriun Is destroyed the various 
daughter produets will grow feaek with their respective 
half lives. It ean toe calculated that about 9^ per cent 
of secular equilibriw all the way down through the series 
is reached after four half lives of ioniiai, or approximately 
330,000 years. 
The action of sulfuric acid on phosphate rock is 
sufficiently drastic to destroy the secular e^uilibriiM of 
the uraniiwi series. A sample of superphosphate was prepared 
in the labomtory and the counting rate was measured on 
several different days, fable 30 shows the results of this 
eiiperim&nt, k group of superphosphate samples that had 
been extracted was also analysed fluoriwetrically and the 
uraniuia concentration compared with that determined by 
radioactivity laeasurewnts, fable 31 shows the results of 
these tests, fhe evidence of both of these tests proves 
that secular e«|ttilibrium has been destroyed, fherefore, 
radioMttric methods cannot give a quantitative analysis 
for uranitai in superphosphate. However, in view of the 
ease in which radioactivity aeasureaents can be made, a 
semi-tuantitative procedure has been developed. This pro­
cedure offers a rapid, easy method of determining the 
approximate uranium concentration in superphosphate. This 
method is capable of measuring the uranium concentration 
with an error of approaciraately -25 per cent. 
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Table 30 
CJotimting rats® varlafeion with fciae on cured superphosphate 
©ays after Comting rate over background 
curing period (counts per minutej 
? 43.3 
11 *5.3 
13 %5.5 
2% 
fable 31 
Coiaparison of fluorimetric and radiometric uranitun 
analyses on superphosphate 
%08 eonoentratlon aet.r^n«a 
Fluoriaetricmlly Radioaetrically fluorimetric 
0,0057^ 0.0070^ •f 22,8 
0.00§6 0.0071 * 26.8 
O.0©5T 0.0071 • 24,6 
O.OOiO 0,0073 + 21.7 
©,006% 0.0071 4. 11.0 
0,0072 0.0072 0 
0,0080 0.0068 - 15.0 
0,0077 0,0073 -  5.2 
0,0080 0,0069 • 13.8 
0.00f§ 0,00S3 -  3.6 
0.0©§8 0,006% + 10.2 
0,00|i 0,W8 0 
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A Seigfisi' eoratei' is used as the radioaetivity measuring 
deviee. It makes use of the ability of radioactivity to 
produce ionization in a gas. fhe Seiger counter auto­
matically multiplies the number of ions, the eu]n*ent pro­
duced is as^lified sufficiently so that a measurement oan 
be made. An alpha, beta or gawa ray counting type of 
Geiger counter can be used on the uranium series. Each of 
these types has certain advantages and disadvantages. 
loth H: and VIX are alpha emitters| therefore, the 
ideal 0eiger counter would be one that counts either or 
both of these isotopes* It is possible to operate a Qeiger 
counter to detect only alpha particles even though they are 
in ttm presence of beta particles. However, HI and ITII are 
only two of the weakest of eight alpha emitters. The self-
absorption of the superphosphate samples is also a problem 
with an alpha counter. Alpha particles have a very shallow 
penustration through solids. It would be difficult to get 
proper geomnttry between the S-H tube and sai^le with an 
alpha, counter. 
Self-absorption of radiation in the sample would not 
be a problem with a gamma counter, fhe very strong pene­
trating power of ga»a rays is sufficient to get through 
very thick samples. However, the low ionizing power of 
gamma rays (about l/lO© that of beta particles) would reduce 
the efficiency of the Qeiger counter to 1 or 2 per cent (l4). 
Ill 
riidiatlcm eati to® eomted with approacimately 100 
p®i* @«mt ©ffieieney in a @«ig@i» tub®, deiger counters 
operated in th® beta radiation rang® are readily available 
and very stable in operation. Self-absorption is not an 
important factor because of the higher penetrating power 
of beta particles as compared to alpha particles. Any of 
the three tirpes of countfisrs suffers loss of accuracy for 
samples not in secular etullibriumi however, the ease of 
operation and sensitivity of the beta eounter makes it 
t))» most suitable for measuri^ the radioactivity of super­
phosphate# 
^Rie apparatus necessary for beta activity counting of 
superphosphatte and phosphate rock includes t 
!• ieiger-Mueller tube. 
S. iIomsii% to hold t)m §-H tube and sample. 
3, Sample holders. 
J^mplifier and scaling instrument to record 
counting rate. 
5. flmr, 
the tube is a end window type fCIC-2 made by 
®?acerlab. Inc. lach tube is self-tuenching and is good 
for several billion counts, the window is mica of 1,7 to 
1.9 mg.per sf. m, thickness. At least 98 per cent of all 
beta particles entering the tube are counted (38). fhe 
pulses produced by the beta particles are a function of the 
voltage applied to the tube. Figure 16 shows the counting 
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rate versus applied voltage eurve for a TGC-2 tube, fhe 
operating voltage is ehosen in the plateau region so that 
slight voltage variation will not effeot the eouhting rate 
»eas\ired by the tube. 
fhe housing for the d-ii tube and sample holder is a 
vertical iron shield type Mark 3# Model 15 made by Radiation 
Counter Laboratories, fh® I - 3/^ in. thick oast iron walls 
shield the tube from mueh of the baekground radiation. A 
platfofm in tlM bottom of the housing holds the tube and 
the sample tray perpendieular to ea®h other. The top of 
the housing ®an be removed to replaee the G-M tube. A 
hinged door in the side of ttu» housing allows the samples 
to be ehanged. figure 17 shows the az^ngement of the Q-M 
tube* sample» sample tray and housing. 
Kit sealing instria^snt and amplifier for the Q»M tube 
is a Model li5 Staling fnit made by liuelear Instrument 
and Chemieal Corporation, this instrument supplies the 
tub® with a stabiliaed high voltage variable from 600 to 
1500 volts, fhe high voltage is stable to less than 0.01 
per eent ehange for I per oent ohange in line voltage from 
95 to 130 volts, fhe line voltage furnished to the sealer 
is also stabilised by a constant voltage transfowswr. The 
resolving time of the sealer is 5 mieroseeonds and the 
pulse height sensitivity is set at 0,25 volt for the Oeiger 
counting rang®. 
TUBE HOUSING G - M  T U B E  
TUBE CLAMP 
1 SAMPLE 
L_1 
SAMPLE TRAY 
FIGURE 17. ARRANGEMENT OF GM TUBE , TUBE HOUSING AND 
SAMPLE 
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k eltttrle tiwr is ut«d with the scaler to 
detenaiue the eomnting rate. This timer gives direct 
reaiitiga in minutes and hundredths of minutes. It was 
obtained from the frecision Scientific Company. The 
scaler has a power outlet for the timer so that both 
inatwaents can be controlled toy the scaler "count" switch. 
The powder saa^les are held in aluminum pans, the 
surface of the sample flush with the edges of the sample 
holder. Workers at Battelle Memorial Institute studied 
the effect of sample depth on counting rate (l4). Figure 
18 shows the results of this investigation. The 1/4 in. 
thick samples are shown to have a high counting rate. 
Their worlc also showed that the counting rate of the 1/4 
in. thick sallies was relatively independent of sample 
density. The sa^^le pans used for counting superphosphate 
and phosphate rock are, therefore, 1/4 in. deep and l-SA^ 
in. in diameter. I&e powdered samples are packed into the 
pans and leveled off flush to the edges with a spatula. 
Muclear disintegrations occur in a random manner. The 
number of counts Mias'yar«d by a Qeiger counter in a minute 
is not unifowi. It is# therefore, necessary to apply 
statistical analysis to counting rate data. The statistical 
accuracy of a eountii^ rate depends only on the number of 
counts taken Cl^)» length of time necessary to get a 
certain accuracy, therefore, varies inversely as the 
m 
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FIGURE 18. EFFECT OF SAMPLE DEPTH ON COUNTING 
RATE A 
° ADAPTED FROM DOIG, op-cit. , PAGE 69 
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eomtlmg Because the la«s of probabilitir apply, 
the weasuj^d counting rate is never the true rate. It 
wckuld be necessary to take an infinite number of counts to 
measure the true rate, fhe «ea@ured rate 1 can be evaluated 
by dividing the puraber of counts m by th« time t. 
fhe standard deviation Sr of a net counting rate calculated 
by subtracting the background counting rate from the 
measured counting rate i» e^usl to 
All of the superphosphate sainples are counted for 
appro3cifflately ten hours to give a total measured count of 
%0^000 to §0,000 diiintegrations. A representative count­
ing rate is 7S»0 counts per minute* fhe standard deviation 
for %5#000 counts in a 1© hour period is to.35 cpm. The 
background is counted for approximately 10 hours to give 
a total count of 15,000 to 16,000. A representative back­
ground counting rate is, therefore, 26.0 cpm. The standard 
deviation of this rate is *0»21 cpm. The net standard 
deviation is a coabination of tiwise two, o* ^0,47 cpm. 
This deviation represents about 1 per cent variation in 
a s f  
the standard deviation a of the rate is ec|ual to 
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eomting rat®, fhertfore^ mj gross error in iiraniim anal­
ysis by tl» b«ta-@0wnting procedure is not due to the 
statifitieal inaeeuraey of the counting rate. 
A standard florii® phosphate roek sample waa obtained 
fro« Hew Brunswiek laboratory, flwy reported this rock as 
0,029 per cent f^Og, Various portions of this rock were 
diluted with uraniuai-free sand, a series of counting 
rates were masw^^ using the apparat\is and techniques 
described above. Figure 19 shows graphically the counting 
rate versus uraniw concentration data obtained from 
these samples. fhis straight liiMs was used to convert 
counting rat# data into uranim concentrations. Another 
straight line was obtained for each G-M tube used in the 
beta counting analyses. 
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A??i;NPIX C. COLORIMETRIC AMALYSIS FOR P2O5 
I »fean<3lar<3 eurve waa ilev^loped for the coXorimetrlc 
analysis of ® Model Dll leeteiann spectrophotometer. 
A standard phosphate rock was obtained from the National 
Bureau of Standards, fable 32 gives th® analysis of this 
fennesse® Brown phosphate rock. Samples of this rock were 
used to develop the standard curve. It was subjected to 
the Association of Official Agricultural Chemists total 
fgO^ analysis procedure {3) and the ammoniuni phospomolybdo-
vanadate yellow color complex was prepared by the Bridger, 
Boy Ian and Maricey procedure (12). Various concentrations 
of the PgOg color complex solutions were then placed in the 
1 cm# corex cells and the per cent transmittancy was 
determined on the spectrophotometer using a O.O3 mm, slit 
width and 425 millimicron wavelength light. 
fable 32 
Fhosphate rock §6b analysis 
Constituent 
Composition 
(per cent) 
PgOg 31.55 
44,06 CaO 
f 3 . 4  
SiOg 10.1 
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The resiialts of these dtteraiaatlons are shown in 
fable 33. figure 20 shows the &am results graphically. 
The straight line was determinei by the least squares 
method. The equation of the line iss 
log y 5 1.999^5 - 0.2l652x 
The aetual P2O5 ©oneentration was deterreinea from a table 
developed fro® this equation where y is equal to the per 
oent transmittancy and x is equal to mg. of F2O5. 
Table 33 
Fhosphate analysis standard curve data with 425 
millimieron wavelength light and 0,03 mm. slit width 
rag. f205 Per cent Bun 1 
transmittancy 
Hun 2 
0.20 90.1 90,9 
0,.40 81.% 81.8 
0,60 73.5 73.9 
0.80 66.6 67.2 
1.00 59.9 60.7 
1,20 54.8 55.1 
1.40 50.0 50.0 
1.60 45.3 45.1 
1.80 41.1 41.1 
2.00 36.9 37.0 
2.20 33.8 33.2 
2.40 30.2 29.9 
2.60 2T.1 27.1 
2.20 
2.10 
^ 2.00 
(f) 
CC 1.80 
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FIGURE 20. SPECTROPHOTOMETER CALIBRATION PLOT FOR P2O5 
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Two saraplti of Florida phosphate rock were analyzed 
for total FgOg ©ontent using both the speetrophotometer and 
the standard ©urve Just developed, fhese results are 
eompared with Klett-Suramerson eoloriraeter analyses of the 
same samples in fable 3%. 
fable 3^ 
Total phosphate analyses 
Sample Speetrophoto»eter Analysis 
Colorimeter 
Analysis 
lock 1«1 34.4^ 
mm 1-1 3^*3 
lock 1*2 3%,6 
lock 1-2 3^.5 3^.5 
the data indieate that the speetrophotometer can be 
used to determine PgOg eontent colorianetrically and that 
the results will eoi&pare well with those deteriained on a 
Klett-Siaaraerson eolorimter. All of the PgOg analyses 
in this work were made on the spectrophotometer. 
